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This  research  study  presents  the  development  and  evaluation  of  a 
field  permeability  test  (FPT)  apparatus  and  method  for  rapid  and  conve- 
nient determination  of  in  situ  water  permeability  of  concrete  in  marine 
structures.  The  developed  FPT  method  makes  use  of  Darcy's  law,  which  re- 
lates coefficient  of  permeability  to  rate  of  flow,  and  a high  water  pres- 
sure to  accelerate  the  flow  and  reduce  the  time  of  test.  The  apparent  co- 
efficient of  permeability  is  computed  from  the  measured  rate  of  flow  of 
water  into  the  concrete  by  means  of  the  Packer/Lugeon  equation,  whose  der- 
ivation  is  presented  in  this  study.  The  FPT  apparatus  is  characterized  by 
portability,  efficiency  of  operation  and  economy. 

The  FPT  apparatus  was  extensively  evaluated  by  performing  the  FPTs  on 
numerous  bridges  throughout  Florida  and  also  on  concrete  blocks  in  the 
laboratory.  The  FPT  apparatus  and  method  were  shown  to  produce  consistent 
and  reliable  test  results  which  corresponded  closely  to  those  measured  by 
an  existing  laboratory  permeability  set-up  with  known  reliability.  A 


correlation  analysis  between  the  results  obtained  by  the  two  methods  was 
performed  using  linear  regression.  A coefficient  of  determination  (r2)  of 
0.97  was  obtained,  indicating  that  the  relation  between  the  two  methods  is 
highly  significant.  A correlation  analysis  between  the  results  obtained 
by  the  standard  Rapid  Chloride  Permeability  (AASHTO  T277-83)  test  and  FPT 
methods  produced  an  r2  of  0.90  indicating  that  there  seems  to  be  a linear 
relationship  between  the  results  of  these  two  tests. 

While  the  initial  moisture  content  of  the  tested  concrete  could  have 
a significant  effect  on  the  FPT  results,  consistent  results  were  obtained 
when  the  test  section  was  pre-saturated  prior  to  testing. 

A relationship  between  permeability  and  durability  of  concrete  was 
demonstrated  in  this  study.  The  concrete  material  at  the  tested  bridges 
which  exhibited  durability  problems  also  demonstrated  high  permeability. 
Recommended  ranges  of  the  permeability  coefficient  as  determined  by  the 
FPT  method  were  established  for  the  relative  ranking  of  tested  concrete. 
A proposed  testing  scheme  for  the  assessment  of  the  performance  and  dura- 
bility of  concrete  in  marine  structures  is  presented. 
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CHAPTER  1 
INTRODUCTION 

1 . 1 Background  and  Problem  Statement 
In  recent  years,  the  durability  of  reinforced  concrete  has  been  of 
growing  concern  as  some  younger  structures  are  failing  to  meet  the  per- 
formance levels  generally  expected  and  accepted  as  commonplace  for  many  of 
the  older  concrete  structures.  Deterioration  of  concrete  structures  such 
as  bridges,  parking  garages,  dams  and  other  water-retaining  structures,  is 
a serious  problem,  and  billions  of  dollars  are  needed  to  restore  existing 
concrete  structures  in  order  to  keep  them  in  proper  and  safe  operating 
condition.  The  root  of  this  problem  lies  in  the  deicing  salts  (primarily 
sodium  chloride)  used  in  many  states  during  the  winter  months  and/or  in 
exposure  to  extremely  aggressive  (highly  corrosive  sea-water)  environments 
such  as  those  encountered  in  coastal  areas.  The  construction  industry  is 
becoming  increasingly  aware  that  strength  characterization  alone  is  not 
enough  to  insure  quality  and  that  greater  emphasis  must  be  placed  on  the 
achievement  of  good  and  durable  concrete.  Concrete  researchers  have  rec- 
ognized that  concrete  strength  can  only  be  an  indirect  measure  of  dura- 
bility and  that  other  parameters  governing  the  ease  of  movement  of  liquids 
and  gases  through  the  concrete  would  provide  a better  assessment  of 
qual ity. 

The  increasing  attention  being  given  to  all  aspects  of  concrete 
durability  has  highlighted  the  importance  of  the  concrete  to  resist  the 
ingress  of  deleterious  agents  from  the  surrounding  environment.  The 
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penetration  of  concrete  by  materials  in  solution  depends  on  its  permea- 
bility. Therefore,  the  permeability  of  concrete  plays  a very  important 
role  in  influencing  the  durability  of  a concrete  structure.  First,  it 
controls  the  rate  of  flow  of  water,  which  can  cause  disruption  to  the  con- 
crete upon  freezing.  Secondly,  it  controls  the  rate  of  flow  of  chemicals, 
such  as  chloride  ions,  which  can  reduce  the  pH  of  the  concrete  and  in- 
crease the  rate  of  corrosion  of  the  steel  reinforcement  in  the  concrete 
structure. 

The  way  in  which  liquids,  ions  (such  as  chloride  ions),  and  gases 
(such  as  carbon  dioxide)  can  penetrate  into  concrete  has,  until  the  last 
few  years,  received  relatively  little  attention.  There  is  even  less  at- 
tention paid  to  the  in  situ  permeability  of  concrete  in  existing  struc- 
tures, as  opposed  to  the  permeability  of  laboratory-made  concrete  speci- 
mens. It  is  necessary  to  distinguish  between  tests  made  in  the  field  and 
those  in  the  laboratory.  In  situ  tests  on  mass  concrete  are  important  and 
often  are  an  essential  requirement  in  the  verification  of  the  design.  As 
with  other  physical  properties,  the  permeability  of  mass  concrete  may  be 
markedly  affected  by  conditions  which  exist  in  the  field.  This  "field" 
permeability  may  well  be  more  significant  than  the  permeability  of  the 
concrete  material  that  is  determined  in  the  laboratory  under  ideal  or  con- 
trolled conditions.  Simulation  of  conditions  using  small  scale  specimens 
in  the  laboratory  is  an  important  method  for  investigating  the  permeabil- 
ity of  concrete  material  and  the  influence  of  various  factors  that  affect 
this  property.  At  the  same  time,  lab  tests  can  be  misleading  unless  cor- 
related with  field  behavior  in  actual  structures.  Hence,  a knowledge  of 
the  in  situ  permeability  is  desirable. 
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Regardless  of  how  concrete  behaves  in  the  structure,  chances  are 
that  its  response  and  quality  will  be  different  when  compared  with  those 
of  standard  laboratory  specimens.  Therefore,  in  situ  testing  of  structural 
concrete  is  a necessity  since  it  is  difficult  to  accurately  relate  "lab- 
concrete"  to  "field-concrete." 

1 .2  Research  Needs 

The  permeability  of  concrete  is  generally  regarded  as  a fundamental 
material  property  governing  the  durability  of  concrete,  particularly  in 
structures  exposed  to  marine  environment.  Low  permeability  of  concrete 
can  improve  its  resistance  to  water  saturation,  sulfate  and  other  chemical 
attack  and,  most  importantly,  chloride-ion  penetration.  Thus,  in  as- 
sessing the  durability  of  a concrete  structure,  the  permeability  of  the 
concrete  needs  to  be  determined  properly. 

There  does  not  currently  exist  any  widely  used  standard  performance 
specification  which  addresses  permeability  requirements  for  concrete  de- 
signed for  structural  elements  exposed  to  marine  environment.  Although 
there  has  been  some  excellent  pioneering  work  in  the  field  of  corrosion, 
there  has  been  relatively  little  permeability  testing  performed  on  in- 
service  concrete  structures,  either  in  situ  or  on  samples  taken  from  the 
site.  At  present,  there  does  not  exist  any  standard  method  for  the  direct 
determination  of  the  in  situ  permeability  of  structural  concrete. 

There  is  a need  to  develop  a testing  device  which  would  allow  regu- 
lar in  situ  permeability  measurements,  i.e.,  without  the  requirement  to 
remove  cored  specimens  from  the  concrete  structure  and  test  them  in  a lab- 
oratory permeability  test  apparatus.  Since  durability  is  a function  of 
permeability,  there  is  a need  to  develop  an  effective  method  in  assessing 
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the  performance  and  durability  of  concrete  in  marine  structures  with  re- 
spect to  permeability.  It  is  imperative  to  understand  the  importance  of 
this  property  as  a more  reliable  indicator  of  the  quality  of  concrete  used 
in  marine  structures.  A testing  program  for  in  situ  evaluation  of  in-ser- 
vice marine  structures  is  required  in  order  to  obtain  permeability  data  of 
the  concretes  used  in  Florida.  There  is  also  a need  for  the  development 
of  concrete  performance  specifications  which  include  suitable  testing 
(such  as  laboratory  and  field  permeability  tests)  for  durability  and  ac- 
ceptable permeability  limits  or  ranges  as  design  and  quality  requirements. 
It  is  further  necessary  to  determine  any  relationship  that  may  exist  be- 
tween the  rate  of  corrosion  of  reinforcing  steel  and  the  permeability  of 
the  concrete  used  in  marine  structures. 

1 .3  Scope  and  Objectives  of  the  Study 

The  scope  of  this  research  study  was  to  properly  assess  the  perfor- 
mance and  durability  of  existing  in-service  marine  concrete  structures 
under  actual  field  conditions  with  respect  to  permeability.  The  primary 
objectives  of  the  research  study  were  the  following: 

1.  To  modify  and  improve  the  prototype  field  permeability  test 
(FPT)  apparatus  and  method  developed  in  a preceding  phase  of 
this  study. 

2.  To  fully  test  and  evaluate  the  developed  FPT  apparatus  and 
method,  and  establish,  through  laboratory  and  field  experimen- 
tation, an  effective  and  efficient  testing  procedure. 

3.  To  implement  the  FPT  apparatus  and  method  in  the  testing  of 
existing  marine  structures  in  order  to  determine  the  in  situ 
permeability  of  concrete  under  actual  field  conditions.  This 


5 


permeability  was  eventually  used  to  assess  the  relative  per- 
formance and  durability  of  the  structures  under  investigation. 
Since  the  newly  developed  FPT  was  not  a standard  method,  other 
standardized  tests  judged  suitable  for  this  study  were  em- 
ployed in  conjunction  with  the  FPT. 

To  investigate  and  attempt  to  establish  any  correlation  that 
may  exist  between  the  results  of  the  rapid  chloride  permeabil- 
ity tests  and  the  results  of  the  FPTs. 

To  attempt  to  establish  recommended  limits  of  permeability 
indices  as  determined  by  the  FPT  method  for  durability 
assessment  of  structural  concrete. 


CHAPTER  2 
LITERATURE  REVIEW 

2.1  Introduction 

The  objectives  of  the  literature  survey  were  to  assemble  information 
concerning  the  permeability  of  concrete  and  to  review  any  existing  test 
methods  or  techniques  which  were  related  to  the  subject  of  this  research 
study.  Since  the  subject  under  investigation  is  related  to  the  durability 
of  marine  structures,  a brief  review  of  the  subject  of  concrete  in  marine 
environment  is  presented  here  with  particular  emphasis  given  to  the  dura- 
bility problems  of  marine  structures  in  Florida.  It  should  be  noted  that 
a large  number  of  laboratory  permeability  tests  have  been  devised  in  the 
past  and  there  is  a considerable  amount  of  literature  on  laboratory  inves- 
tigations into  these  various  test  systems.  However,  any  attempt  to  draw 
these  together  and  summarize  all  the  laboratory  techniques  available  for 
permeability  measurements  was  beyond  the  scope  of  this  research  study. 
The  few  laboratory  studies  described  in  this  chapter  are  presented  only 
for  reference  purposes.  The  main  focus  of  the  review  was  on  those  methods 
which  were  relevant  to  the  in  situ  determination  of  the  permeability  of 
concrete  or  to  tests  which  were  related  to  the  subject  of  interest. 

2 . 2 Concrete  in  Marine  Environment 
Concrete  has  been  used  for  many  years  in  marine  construction  and  has 
proved  to  be  a durable  material,  generally  requiring  relatively  little 
maintenance.  However,  in  order  to  ensure  durability,  attention  must  be 
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given  to  the  specification  of  concrete  for  marine  structures  with  due  re- 
gard to  those  factors  which  may  affect  its  performance  in  practice.  Con- 
crete is  a durable  material  if  its  quality  and  performance  remain  accept- 
able for  the  design  life  of  the  structure.  The  durability  of  concrete  in 
a marine  environment  is  only  questionable  if  it  deteriorates  to  a signifi- 
cant extent  within  the  design  life  of  a concrete  structure. 

The  marine  environment,  from  the  concrete  engineering  point  of  view, 
can  be  divided  into  three  main  zones: 

1.  Submerged  zone--The  totally  immersed  zone,  where  the  concrete  is 
continuously  under  water,  and  oxygen  availability  for  steel  corro- 
sion is  limited,  but  the  increased  hydrostatic  pressure  can  result 
in  a more  rapid  penetration  of  seawater  into  the  concrete. 

2.  Splash  zone--Above  high  tide  level,  where  continuous  built-up  of 
salt  spray,  wetting-drying  and  freeze-thaw  cycles  can  occur. 

3.  Atmospheric  zone--The  inter-tidal  zone  above  the  splash  zone,  where 
the  concrete  is  kept  in  a partially  wet  state  and  intermittently  ex- 
posed to  air. 

Since  the  severity  and  type  of  durability  problems  are  different  for  dif- 
ferent zones,  the  properties  of  a concrete  mixture  need  not  be  the  same 
for  an  entire  concrete  structure  exposed  in  marine  environment.  However, 
the  permeability  of  concrete  is  important  in  all  three  zones  because  it 
influences  all  physical  and  chemical  phenomena  causing  concrete 
deterioration. 

Concrete  exposed  to  marine  environment  may  deteriorate  as  a result 
of  combined  effects  of  chemical  action  of  seawater  constituents  such  as 
sulfate  salts  on  cement  hydration  products,  al kal i -aggregate  expansion 
when  reactive  aggregates  are  present,  crystallization  pressure  of  salts 
within  concrete  if  one  face  of  the  structure  is  subject  to  wetting  and 
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others  to  drying  conditions,  frost  action  in  cold  climates,  corrosion  of 
embedded  steel  in  reinforced  or  prestressed  members,  and  physical  erosion 
due  to  wave  action  and  floating  objects.  Attack  on  concrete  due  to  any  of 
these  causes  tends  to  increase  the  permeability.  This  not  only  would  make 
the  concrete  material  progressively  more  susceptible  to  further  action  by 
the  same  destructive  agent  but  also  to  other  types  of  attack.  Thus  a com- 
plex network  of  chemical  as  well  as  physical  causes  of  deterioration  are 
found  at  work  when  a concrete  structure  exposed  to  seawater  is  in  an  ad- 
vanced stage  of  degradation  [1]. 

Permeability  is  regarded  as  a fundamental  material  property  gov- 
erning the  durability  of  concrete,  particularly  in  structures  exposed  to 
marine  environment  [2].  The  experts  in  the  field  firmly  believe  that  "the 
permeability  of  concrete  is  indeed  the  key  to  overall  durability,"  [3 , p . 5] 
and  is  the  most  important  factor  for  the  long-term  performance  and  dura- 
bility of  marine  structures  [3],  In  fact,  low  permeability  improves  con- 
crete's resistance  to  water  saturation,  sulfate  and  other  chemical  attacks 
and  most  importantly,  chloride-ion  penetration,  which  is  considered  to  be 
the  major  problem  related  to  durability  of  marine  concrete  structures. 

Mehta  [2]  reviewed  the  case  histories  of  several  concrete  structures 
which  had  exhibited  deterioration  on  long-term  exposure  to  seawater.  These 
case  histories  clearly  showed  that,  although  physical  and  chemical  inter- 
actions between  seawater  and  constituents  of  Portland  cement  took  place  as 
determined  from  mineralogical  analyses  of  deteriorated  concrete  samples, 
serious  deterioration  did  not  occur  unless  seawater  was  able  to  penetrate 
into  the  interior  of  the  concrete.  The  author  concluded  that  "permeabil- 
ity rather  than  the  chemistry  of  concrete  was  thus  identified  as  the  most 
important  factor  in  long-term  durability"  [3,  p . 2] . 
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More  recently,  P.  K.  Mehta  [3]  reviewed  additional  case  histories  as 
well  as  studies  undertaken  by  other  researchers  on  concrete  deterioration 
in  marine  environment.  The  author  points  out  that  under  adverse  service 
conditions  presented  by  the  typical  marine  environment,  even  an  imperme- 
able concrete  could  eventually  become  permeable  and  therefore  vulnerable 
to  a corrosion-cracking  cycle  leading  to  serious  structural  damage.  How- 
ever, the  author  characteristically  emphasizes  that,  with  reinforced  con- 
crete structures  exposed  to  marine  environment,  structural  cracking  does 
not  lead  to  corrosion  as  long  as  the  remaining  concrete  is  impermeable, 
and  especially  if  the  concrete  is  fully  submerged  under  water.  The  author 
states  in  his  conclusions  that  harmful  chemical  reactions  between  the  con- 
stituents of  hydrated  cement  paste  and  seawater  can  be  limited  to  the  sur- 
face when  well  known  measures  to  assure  low  permeability  of  concrete  are 
rigorously  implemented.  To  produce  concrete  with  very  low  permeability 
and  to  maintain  the  impermeability  in  service,  the  author  strongly  recom- 
mends that  it  is  essential  to  carry  out  all  three  of  the  following:  (a) 
proportion  a concrete  mixture  that  will  almost  become  impermeable  with 
curing,  (b)  adopt  good  concreting  practice,  (c)  take  measures  to  prevent 
excessive  concrete  cracking  in  service  [3]. 

2.3  Problem  of  Durability  of  Marine  Concrete  Structures  in  Florida 
The  predominant,  and  most  severe,  durability  problem  encountered  in 
marine  concrete  structures  exposed  to  aggressive  environments,  such  as  the 
ones  present  in  the  coastal  regions  of  Florida,  is  corrosion  of  the  steel 
reinforcement  embedded  in  concrete.  This  is  caused  by  the  intrusion  of 
chloride  ions  present  in  the  seawater  which  can  reduce  the  pH  of  the  con- 
crete and  destroy  the  natural  passivity  of  the  reinforcing  steel  and  thus 
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promote  the  formation  of  corrosion  products.  These  products  exert  large 
tensile  forces  which  cause  cracking  and  subsequent  spalling  of  the  con- 
crete cover  which,  in  turn,  can  lead  to  severe  structural  damage.  Regions 
at  or  near  (within  5 miles)  the  coast  of  Florida  are  classified  by  the 
FDOT  as  extremely  aggressive  (highly  corrosive)  environments.  This  clas- 
sification is  based  on  the  following  parameters:  concentration  of  chloride 
ions  greater  than  2,000  ppm,  sulfates  greater  than  1,500  ppm,  resistivity 
less  than  500  ohm-cm,  and  pH  less  than  6.0. 

Florida  has  over  1200  miles  of  coastline.  Approximately  3,000 
bridges  are  situated  in  these  coastal  waters  which  contain  chlorides  in 
the  order  of  17,000  ppm  which  is  typical  of  most  ocean  waters.  In  this 
environment,  the  average  time  to  the  first  signs  of  corrosion  of  steel 
reinforcement  in  concrete  is  around  twelve  years.  A record  survey  of  15 
marine  substructures  in  Florida  showed  the  time  to  corrosion  in  concrete 
piling  to  be  between  10  and  15  years  with  a mean  time  of  11.5  years.  By 
the  age  of  20  years,  virtually  all  of  our  marine  bridge  substructures  will 
require  major  repairs  of  components  damaged  by  corrosion.  The  majority  of 
the  corrosion  damage  occurs  in  the  splash  zone  where  heavy  accumulations 
of  chlorides  deposit  as  a result  of  the  wetting  and  drying  effects  of 
tidal  cycling.  When  a sufficient  quantity  of  chloride  penetrates  the  con- 
crete and  contacts  the  surface  of  the  steel  reinforcement,  corrosion  is 
initiated.  When  corrosion  develops,  the  corrosion  products  occupy  a 
volume  2 to  3 times  greater  than  that  of  the  parent  steel.  These  solid 
product  formations  create  internal  tensile  stresses  that  result  in 
cracking  and  delamination  of  the  concrete.  As  the  corrosion  process  fur- 
ther progresses,  the  structure  is  compromised  necessitating  major  repairs 
or  premature  replacement. 
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According  to  FDOT  estimates,  15  to  20  percent  of  some  5,000  bridge 
structures  that  have  been  inspected  in  the  state  of  Florida  have  already 
exhibited  serious  signs  of  corrosion  and  concrete  deterioration.  The 
great  majority  of  these  bridges  are  in-service  marine  structures  located 
along  the  coastal  regions  of  the  state.  The  substructures  of  these 
bridges  experience  severe  durability  problems  such  as  scaling,  cracking, 
and  spalling  of  concrete,  and  disbondment  of  steel  reinforcement.  Chlo- 
ride concentrations  as  high  as  19,000  ppm  have  been  recorded  in  many 
cases,  and  substructure  elements  such  as  piers,  pile  columns,  and  pier/ 
pile  caps  have  exhibited  severe  corrosion  of  reinforcing  steel  in  loca- 
tions within  the  splash  zone.  Most  of  the  marine  structures  built  in 
Florida  have  to  meet  a design  life  requirement  of  50  to  75  years  (design 
life  includes  both  structural  and  functional  utility).  Flowever,  modern 
marine  structures  are  exhibiting  severe  problems  of  corrosion  and  deteri- 
oration even  as  early  as  the  fifth  year  of  their  service  life.  The  Long 
Key  bridge  and  the  Seven  Mile  bridge  located  at  the  Florida  Keys  region 
are  dramatic  examples  of  the  above  mentioned  problems.  Millions  of  dol- 
lars are  needed  to  maintain  or  restore  these  in-service  structures  in  or- 
der to  keep  them  in  proper  and  safe  operating  condition.  It  is  estimated 
that  the  annual  cost  of  corrosion-related  concrete  deterioration  in  Flori- 
da's marine  bridge  structures  is  between  30  and  50  million  dollars  in  re- 
pairs and  reduced  service  life.  This  amount  is  expected  to  increase  dra- 
matically as  the  mean  age  of  our  structures  increases  and  construction, 
maintenance,  and  rehabilitation  costs  rise. 

There  does  not  currently  exist  any  widely  used  standard  performance 
specification  which  addresses  permeability  requirements  for  concrete  de- 
signed for  substructure  elements  of  marine  structures.  Existing  design 
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guidelines  followed  in  Florida  lay  down  minimum  cement  contents,  maximum 
water/cement  ratios  and  minimum  cover  to  reinforcing  and  prestressing 
steels,  but  fail  to  stress  what  these  recommendations  are  actually  aimed 
at,  i.e.,  producing  a high  quality  concrete  with  as  low  a permeability  as 
possible  which  is  sufficiently  thick  over  the  reinforcing  steel  to  protect 
it  against  marine  salts.  Although  there  has  been  some  excellent  pio- 
neering work  in  the  field  of  corrosion,  there  has  been  relatively  little 
permeability  testing  performed  on  in-service  concrete  structures,  either 
in  situ  or  on  samples  taken  from  the  site. 

2.4  Existing  Permeability  Tests 

A large  number  of  laboratory  permeability  tests  and  surface  absorp- 
tion tests  have  been  devised  in  the  past  and  there  is  a considerable 
amount  of  literature  on  laboratory  investigations  into  various  test  sys- 
tems [4-12].  However,  there  does  not  appear  to  be  any  widely  used  stan- 
dard procedure  or  test  method  for  determining  the  water-permeability  of 
concrete,  particularly  any  test  method  which  is  relevant  to  in  situ  con- 
crete. 

Tyler  and  Erl  in  [4]  have  studied  a proposed  simple  laboratory  test 
method  for  determining  the  permeability  of  concrete  based  on  a modified 
high-pressure  apparatus  originally  intended  for  determining  air  content  of 
hardened  concrete  which  was  developed  by  J.  D.  Lindsay  of  the  Illinois  De- 
partment of  Highways.  McMillan  and  Lyse  [5]  have  studied  the  permeability 
of  concrete  at  the  Research  Laboratory  of  Portland  Cement  Association 
while  Norton  and  Pletta  [6]  have  studied  the  permeability  of  gravel  con- 
crete in  the  Mechanics  Department  at  the  University  of  Wisconsin  in  hope 
of  determining  the  relationship  between  permeability  and  water/cement 
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ratio,  strength,  consistency,  absorption,  cement/void  ratio  and  grading  of 
aggregate.  Ruettgers  et  al . [7]  have  studied  the  permeability  of  mass 
concrete  with  particular  reference  to  Boulder  Dam  primarily  to  furnish 
data  for  making  final  decisions  on  the  type  of  construction  and  the  con- 
crete mixtures  to  be  used.  Von  der  Meulen  and  Van  Dijk  [8]  developed  a 
simple  laboratory  permeability-testing  apparatus  at  the  South  African 
National  Building  Research  Institute.  Powers  et  al . [9]  have  also  studied 
the  permeability  of  Portland  cement  paste,  and  Murata  [10]  studied  the 
permeability  of  concrete  specimens  by  means  of  the  diffusion  coefficient 
method. 

The  various  laboratory  apparatuses  used  by  these  researchers  to  mea- 
sure the  permeability  of  concrete  were  similar  in  that  all  of  them  mea- 
sured the  flow  rate  of  water  under  pressure  through  previously  prepared 
and  laboratory  cured  cylindrical  concrete  specimens  after  a steady-state 
flow  condition  had  been  reached,  with  the  exception  of  the  method  by 
Murata  [10]  in  which  the  areas  of  the  portions  penetrated  by  water  were 
used  to  measure  the  depth  of  penetration  for  determining  the  diffusion 
coefficient.  Ludirdja  et  al . [11]  have  recently  developed  a simple  lab- 
oratory apparatus  for  measuring  the  water  permeability  of  1/2-inch  thick 
disks  cut  from  the  center  of  cylindrical  concrete  specimens  using  gravity 
as  the  pressure  head.  However,  at  present  only  preliminary  results  have 
been  presented  and  the  apparatus  is  currently  under  further  refinement. 

Although  a number  of  surface  absorption  tests  have  been  devised  in 
the  past  [12],  the  most  well-known  test,  especially  in  Europe,  is  the  Ini- 
tial Surface  Absorption  Test,  commonly  known  as  ISAT  [13].  Several  years 
ago,  this  test  was  incorporated  as  a standard  method  in  BS- 1881  [14].  The 
ISAT,  which  was  originally  developed  by  Levitt  [15,16]  for  cast  stone 
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products,  can  be  used  to  measure  the  rate  at  which  water  applied  to  the 
surface  of  concrete  in  a special  cap  is  absorpted  into  the  concrete  under 
low  head.  It  should  be  noted  that  the  objective  of  this  test  is  to  pre- 
dict the  durability  of  a surface  layer  of  concrete,  and  gives  no  informa- 
tion on  the  interior  material.  In  addition,  this  test  measures  the  sur- 
face absorption,  not  the  actual  permeability  which  is  a different  material 
property,  and  typically  the  absorption  of  the  outer  surface  is  different 
from  that  of  the  bulk  of  the  concrete.  There  are  some  practical  difficul- 
ties in  using  the  test  on  site,  such  as  obtaining  a good  seal  between  the 
cap  and  the  concrete  surface,  and  determining  the  moisture  condition  of 
the  test  surface.  When  used  on  samples  removed  from  site  the  initial 
moisture  condition  of  concrete  can  be  more  accurately  controlled,  but  when 
used  on  site  it  is  normal  to  ensure  that  a period  of  at  least  48  hours  has 
elapsed  since  any  rain  has  fallen  on  the  test  area.  Nevertheless,  ISAT 
measurements  have  been  used  in  the  United  Kingdom  even  for  specification 
compliance  on  precast,  paving,  and  architectural  concrete. 

In  1973,  the  British  Building  Research  Establishment  (BRE)  recog- 
nizing the  fact  that  the  ISAT  values  are  highly  dependent  on  the  condition 
of  the  first  few  millimeters  of  surface,  developed  a technique  [17]  which 
could  be  used  to  assess  the  air  and  water  permeability  of  concrete  in 
situ.  This  test,  which  is  frequently  called  the  "Figg  method,"  enables 
measurements  to  be  made  on  concrete  just  below  the  surface  by  means  of  a 
simple  and  portable  apparatus.  It  involves  drilling  a small  hole,  typi- 
cally 6 mm  in  diameter  and  30  mm  deep,  which  is  sealed  at  the  surface  with 
a silicone  rubber  plug  to  provide  an  air-tight  seal.  This  plug  is  pierced 
by  a hypodermic  needle  connected  to  a vacuum  pump,  and  pressure  in  the 
system  is  reduced  by  a given  amount.  The  needle  is  then  locked  off,  and 
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the  time  required  for  air  to  permeate  through  the  concrete  and  increase 
the  pressure  in  the  cavity  to  a specified  value  is  recorded.  This  is  a 
measure  of  the  rate  at  which  air  can  flow  through  the  surrounding  concrete 
into  the  hole  and  is  taken  as  the  air  permeability  index  of  the  concrete. 
A modification  of  the  apparatus  makes  it  possible  to  measure  also  the 
water  permeability  of  concrete  by  monitoring  the  rate  of  fall  of  water  in 
a capillary  after  injecting  water  by  means  of  the  hypodermic  syringe  into 
the  small  cavity  in  the  concrete.  The  moisture  content  of  the  concrete 
has  a significant  effect  on  the  test  results,  especially  at  high  water/ce- 
ment ratios  (w/c  = 0.6).  Although  some  improvements  to  the  Figg  method 
[18]  had  been  made,  the  scatter  in  the  data  is  quite  high  indicating  the 
aggregate  effects  to  be  substantial.  Additional  drawbacks  of  this  method 
include  effective  sealing  and  the  determination  of  the  coefficient  of  per- 
meability due  to  the  fact  that  the  values  in  the  Figg  method  have  a more 
complex  relationship  to  the  true  concrete  permeability  than  was  originally 
assumed  [18]. 

An  in  situ  test  method  was  developed  by  Tanahashi  et  al . [19]  for 
measuring  the  permeability  of  concrete  placed  in  a structure  under  con- 
struction. However,  the  test  apparatus  employed  in  this  method  is  such 
that  the  tests  can  either  be  performed  on  previously  prepared  and  cured 
cylindrical  (disks)  specimens  or  on  building  elements  having  a limited 
thickness  such  as  walls  and  floors. 

A test  method,  termed  the  rapid  chloride  permeability  test,  can  be 
used  to  rapidly  assess  the  relative  permeability  of  various  types  of  con- 
crete to  chloride  ions.  Although  this  is  not  a measure  of  the  water-per- 
meability of  concrete,  this  method  is  reviewed  here  since  it  has  become 
the  most  widely  used  test  for  determining  the  resistance  of  concrete  to 
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chloride  intrusion  and  subsequent  corrosion  of  reinforcing  steel.  This 
test  has  been  adopted  by  AASHTO  (American  Association  of  State  Highway  and 
Transportation  Officials)  as  the  Standard  Method  of  Test  for  Rapid 
Determination  of  the  Chloride  Permeability  of  Concrete  under  the  AASHTO 
Designation  T277-83.  Since  this  is  a standard  method,  only  a brief 
description  of  the  test  method  is  presented  here.  A detailed  description 
of  the  instrumentation  and  testing  procedure  can  also  be  found  in 
Reference  20. 

The  method  consists  of  monitoring  the  amount  of  electrical  current 
flowing  through  a test  area  of  a cylindrical  concrete  specimen  when  a po- 
tential difference  of  60Vdc  is  maintained  across  the  specimen  for  a period 
of  6 hours.  In  this  way,  chloride  ions  are  forced  to  migrate  out  of  a 
3.0%  NaCl-sodium  chloride  solution  (negative),  through  the  concrete  mate- 
rial, and  into  a 0.3N  NaOH-sodium  hydroxide  solution  (positive).  The  to- 
tal electric  charge  (in  coulombs)  which  passes  through  the  concrete  speci- 
men during  the  test  period  is  taken  as  an  index  of  the  relative  (high, 
moderate,  low,  very  low)  chloride  permeability. 

Originally,  a test  procedure  and  instrumentation  were  developed  by 
Whiting  [20]  at  Construction  Technology  Laboratories,  Inc.,  Skokie,  Illi- 
nois, for  measuring  chloride  permeability  of  various  types  of  concrete 
both  in  situ  and  in  the  laboratory.  In  the  field,  the  topmost  reinforcing 
mat  was  used  as  the  positive  electrode;  whereas  the  standard  laboratory 
unit  uses  a specially  designed  test  cell,  termed  "Applied  Voltage  Cell," 
to  hold  a 3.75  in.  diameter,  2-in.  thick  core  test  specimen.  Both  set-ups 
utilize  a 3.0%  sodium  chloride  solution  as  the  permeant.  Results  of  these 
tests  were  compared  with  those  obtained  using  the  standard  90-day  ponding 
procedure  as  specified  in  AASHTO  Designation  T259-80:  Resistance  of 
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Concrete  to  Chloride  Ion  Penetration.  For  the  field  technique,  a correla- 
tion coefficient  of  0.92  was  calculated  for  the  relationship  between 
charge  (in  coulombs)  transmitted  and  total  chloride  concentration  after  90 
days  of  ponding.  While  the  correlation  was  highly  significant,  the  quan- 
titative error  estimate  (percent  standard  error)  was  relatively  high, 
about  +31%  [21].  For  the  laboratory  test,  a correlation  coefficient  of 
0.83  and  standard  error  of  39%  were  established  for  the  same  relationship. 
Because  of  the  relatively  high  standard  errors,  the  test  is  best  utilized 
to  rank  concretes  in  terms  of  their  relative  expected  chloride  permeabil- 
ity rather  than  as  a means  to  measure  the  actual  permeability  of  concrete 
to  chloride  ions. 

At  the  present  time,  implementation  of  the  field  device  is  limited 
by  a lack  of  background  data  on  the  effects  of  clear  concrete  cover  and 
ambient  temperatures  on  test  results  [20,21].  In  addition,  a series  of 
four  in  situ  tests  requires  that  one  lane  of  traffic  be  closed  continu- 
ously for  a period  of  five  days  [21],  and  test  instrumentation  be  left 
operating  at  the  test  site  overnight  [20].  In  view  of  these  limitations 
with  the  field  device,  the  laboratory  standard  test  method  AASHT0  T277-83 
utilizing  the  applied  voltage  cell  offers  the  most  reliable  alternative  to 
the  field  testing.  Although  this  is  not  a true  in  situ  test,  since  a core 
must  be  extracted  from  the  structure,  sectioned,  and  vacuum  saturated 
prior  to  test,  the  FHWA  (Federal  Highway  Administration)  classifies  it  as 
such . 

In  summary,  the  major  problems  which  are  generally  encountered  in 
performing  laboratory  permeability  tests  on  concrete  specimens  include  (1) 
the  great  amount  of  time  required  for  each  test,  (2)  the  possible  leakage 
of  water  through  the  apparatus  and/or  the  sides  of  the  specimen, 
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and  (3)  the  extremely  low  water  flow  rate  which  makes  an  accurate  measure- 
ment difficult  to  obtain.  The  few  studies  that  have  been  conducted  in  the 
area  of  in  situ  determination  of  water  permeability  indicated  that  the 
test  devices  and  methods  used  thus  far  also  suffered  these  drawbacks. 
Field  devices  are  usually  expensive  and  utilize  sensitive  and  sophisti- 
cated instrumentation  whose  operation  is  either  complex  or  requires  spe- 
cial skills.  In  addition,  tests  are  usually  performed  under  a certain  set 
of  conditions  or  on  cored  specimens  extracted  from  the  structure.  These 
limitations  make  such  devices  unsuitable  for  testing  large  structural  ele- 
ments of  existing  concrete  structures  under  actual  field  conditions. 


CHAPTER  3 

DEVELOPMENT  OF  A FIELD  PERMEABILITY  TEST  METHOD 

3 . 1 Fundamental  Concepts  Used  in  the  Design  of  the  FPT 
The  flow  of  water  through  concrete  is  fundamentally  similar  to  flow 
through  any  porous  medium  such  as  soil,  masonry  or  rock.  The  analysis  of 
flow  through  porous  materials  is  a very  complex  problem.  As  a result  of 
these  complexities,  present-day  knowledge  of  the  behavior  of  flow  through 
such  materials  relies  almost  entirely  on  empirical  approaches.  Literally, 
thousands  of  experiments  have  been  performed  since  Darcy's  historical 
tests  were  performed  in  1856.  The  variety  of  empirical  relations  devel- 
oped from  these  tests  gives  quite  conflicting,  and  often,  misleading  re- 
sults. Scheidegger  [22]  points  out  that  a general  relation  for  flow 
through  porous  materials  can  be  developed  only  if  one  is  able  to  under- 
stand exactly  how  all  these  properties  (of  the  porous  media)  are  condi- 
tioned by  the  geometrical  properties  of  the  pore  system.  Such  an  under- 
standing will  be  possible  when  a variety  of  solutions  of  the  fundamental 
equations  of  flow  in  porous  materials  have  been  obtained. 

Fluid  flow,  diffusion,  and  electrical  conduction  in  porous  media 
take  place  within  extremely  complicated  microscopic  boundaries  that  make 
any  rigorous  solution  of  the  equations  of  change  in  the  capillary  network 
practically  impossible.  This  is  one  of  the  reasons  why  many  researchers 
in  the  field  of  "flow  through  porous  media"  have  tried,  as  much  as  possi- 
ble, to  concentrate  on  the  continuum  approach  in  which  no  attention  is 
paid  to  pores  or  pore  structure.  The  other  reason  is  that  continuum 
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mechanics  is  often  adequate  for  the  phenomenological  description  of 
macroscopic  transport  processes  in  porous  media.  At  the  macroscopic 
level,  the  flow  can  be  treated  in  terms  of  a few  variables  that  are  easily 
determined  in  field  practice.  Hence,  in  this  study  the  movement  of  water 
through  porous  media  was  examined  from  the  macroscopic  point  of  view. 

The  design  of  a test  apparatus  for  the  determination  of  the  in  situ 
water  permeability  of  concrete  was  based  on  the  concept  of  drilling  a hole 
from  the  surface  of  the  concrete,  sealing  off  a section  of  a hole,  and 
"forcing"  water  to  permeate  the  concrete  mass  radially.  A similar  concept 
was  used  by  Figg  [17]  for  the  determination  of  the  air  and  water  perme- 
ability of  concrete.  After  an  extensive  and  thorough  review  of  the  avail- 
able literature  pertinent  to  the  subject  of  this  study,  it  was  concluded 
that  a derivative  of  the  borehole  tests  used  in  soil  or  rock  engineering 
could  be  used  to  measure  the  in  situ  water-permeability  of  structural  con- 
crete. In  addition,  the  analogies  which  exist  between  heat-flow,  radial 
flow  of  pumped  wells,  and  flow  of  water  through  concrete  provided  the 
basis  for  the  development  of  an  analytical  solution  to  this  problem. 

Review  of  Darcy's  law  showed  that  the  flow,  Q,  or  the  rate  of  flow, 
q,  of  the  water  is  proportional  to  the  applied  pressure,  P,  when  all  other 
parameters  remain  constant.  Therefore,  by  increasing  the  applied  pres- 
sure, the  rate  of  flow  of  water  through  the  concrete  mass  can  be  in- 
creased, thus  allowing  for  faster  determination  of  the  coefficient  of  per- 
meability. 

The  basic  concept  involved  in  the  design  of  a field  permeability 
test  apparatus  was  to  drill  a hole  from  the  surface  of  the  concrete,  seal 
off  the  top  and  bottom  of  the  hole,  and  apply  a high  pressure  to  force  the 
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water  to  permeate  the  concrete  mass  radially.  By  measuring  the  rate  of 
flow  into  the  hole  the  coefficient  of  permeability  could  be  determined. 

3.2  Design  Considerations  and  Desirable  Features 

In  the  development  of  a suitable  field  permeability  test  apparatus, 
the  following  desirable  features  and  design  characteristics  were  con- 
sidered: 

1.  The  apparatus  should  be 

(a)  portable, 

(b)  simple  and  safe  to  set  up  and  operate, 

(c)  easily  and  economically  reproduced,  and 

(d)  inexpensive  to  operate  and  maintain. 

2.  The  test  method  and  set-up  should  be 

(a)  rapid, 

(b)  able  to  provide  accurate  and  reliable  measurements  in 
a short  period  of  time,  and 

(c)  as  nondestructive  as  possible  (i.e.,  cause  minimum  visual  and 
structural  damage). 

An  effective  design  would  be  one  that  incorporates  as  many  of  the 
above  desirable  features  as  possible.  However,  the  most  important  single 
characteristic  that  should  be  considered  at  the  design  stage  of  the  test 
method  is  the  accuracy  of  the  measurements  and  the  reliability  of  the  test 
results.  The  development  of  a test  apparatus  which  satisfies  this  impor- 
tant requirement  will  provide  a valuable  tool  for  proper  evaluation  of 
water  permeability  of  in-service  concrete  structures  under  actual  field 
conditions. 
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3.3  Development  of  the  Prototype 

3.3.1  Design  Concept 

In  the  development  of  a portable,  quasi  nondestructive  device  to 
measure  the  in  situ  water  permeability  of  in-service  concrete,  several 
different  designs  were  attempted,  and  a number  of  devices  were  constructed 
and  evaluated  until  the  current  prototype  apparatus  was  finally  adopted. 
After  months  of  experimentation,  an  effective  design  was  achieved,  and  a 
suitable  FPT  apparatus,  which  satisfied  all  the  design  requirements  set 
forth  in  this  study,  was  fabricated.  The  apparatus  relies  on  the  acceler- 
ated radial  flow  of  water  into  the  concrete  under  the  influence  of  an  ex- 
ternally applied  high  pressure.  The  design  concept  of  the  FPT  probe  and 
set-up  is  presented  in  the  schematic  diagram  shown  in  Figure  3.1. 

3.3.2  Improved  FPT  Probe 

Further  refinement  and  modification  was  applied  to  the  original  FPT 
probe  which  was  developed  in  a previous  research  study  [23]  in  order  to 
improve  the  sealing  mechanism  and  simplify  the  dismantling  of  the  test 
probe.  After  the  completion  of  a test,  the  original  device  was  normally 
dismantled  by  first  releasing  the  top  nut  and  subsequently  removing  the 
top  packer  from  the  test  hole  by  applying  pressure  in  the  test  section 
high  enough  to  cause  it  to  pop  out.  The  device  was  then  removed  by  re- 
leasing the  bottom  packer  using  the  special  T-socket.  The  bottom  packer 
could  only  be  reached  when  the  top  one  was  completely  taken  out  and  re- 
moved from  the  stem  (rod)  of  the  device.  Whenever  the  top  packer  was  dam- 
aged, torn,  or  squeezed  into  the  hole  and  could  not  be  moved  freely,  there 
was  no  access  to  the  bottom  packer,  which  was  still  expanded.  In  such  an 
event,  the  FPT  probe  could  not  be  readily  dismantled  and  a pull-out  device 
had  to  be  used  in  order  to  remove  the  FPT  probe  from  the  test  hole.  This 
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Figure  3.1  Schematic  of  the  FPT  Probe  and  Set-Up 
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could  cause  considerable  delay  in  the  field  operation.  In  addition,  the 
bottom  neoprene  packer  could  be  damaged  to  an  extent  that  it  would  not  be 
able  to  be  reused  in  other  tests.  In  order  to  eliminate  this  problem,  the 
original  FPT  probe  was  modified.  Figure  3.2  shows  the  initial -design  FPT 
probe  while  Figures  3.3  and  3.4  show  the  improved  probe.  In  the  new  de- 
sign, the  interior  nuts  and  all  the  washers  were  eliminated.  The  fine 
threaded  stem  was  replaced  with  a smooth  rod  with  fine  threads  only  at  its 
ends  where  the  external  nuts  were  positioned.  A perforated  metal  sleeve, 
of  length  equal  to  the  prescribed  length  of  the  test  section,  was  placed 
between  the  top  and  bottom  packers  at  the  position  where  the  smooth  rod  is 
perforated.  The  assembly  was  completed  by  placing  a metal  sleeve  on  the 
exterior  side  of  the  neoprene  packers  at  each  end  of  the  rod  as  shown  in 
Figure  3.4.  Since  the  nut  at  the  bottom  end  of  the  rod  restricts  any 
downward  movement,  this  alternate  metal  sleeve-packer  arrangement  works  as 
a single  interactive  unit.  When  the  top  nut  is  tightened,  the  neoprene 
packers  are  simultaneously  compressed  against  the  metal  sleeves.  In  this 
way  the  packers  are  forced  to  expand  at  the  same  rate  thus  sealing  off  the 
section  of  the  hole  to  be  tested.  Conversely,  by  releasing  the  top  nut, 
both  packers  are  simultaneously  released,  and  the  device  can  readily  be 
removed  from  the  test  hole.  With  this  modification,  the  aforementioned 
problem  was  eliminated,  the  set-up  and  dismantling  of  the  apparatus  was 
simplified,  and  the  overall  design  of  the  FPT  probe  was  improved.  Trial 
tests  were  performed  with  two  newly  fabricated  modified  FPT  probes  which 
were  assembled  in  cylindrical  transparent  acrylic  tubes  that  allowed  ob- 
servation of  the  test  section.  It  was  concluded  that  the  sealing  mecha- 
nism of  the  metal  sleeve-packer  arrangement  had  performed  properly.  Trial 
tests  run  on  laboratory  prepared  concrete  specimens  indicated  that  the 
modified  FPT  probes  were  operating  satisfactorily. 
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Figure  3.2 


Picture  of  the  Initial -Design  FPT  Probe 
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Figure  3.3  Picture  Showing  the  Modified  FPT  Probe 
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Figure  3.4  Schematic  of  the  Improved  Design  of  the  Modified  FPT  Probe 
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3.3.3  FPT  Instrumentation  Unit 

A portable  field  permeability  test  unit  with  the  complete  instrumen- 
tation required  to  perform  FPTs  on  concrete  has  been  fabricated.  The  com- 
plete unit  is  enclosed  in  a high  quality  aluminum  instrumentation  carrying 
case  with  a central  control  panel  attached  to  the  lower  shell,  and  a 
manometer  set-up  mounted  on  the  upper  shell.  A picture  of  the  unit  is 
shown  in  Figure  3.5.  The  schematic  of  the  unit  is  shown  in  Figure  3.6. 
The  following  instruments  and  devices  are  affixed  to  the  central  control 
panel:  (1)  a high  resolution  test  pressure  gage  (max.  1000  psi),  (2)  a 
high  pressure  regulator  (max.  6000  psi),  (3)  two  test  on/off  valves,  a 
pressure  relief  valve,  and  a system  replenish  valve,  (4)  a 5-way  flow 
valve,  and  (5)  hydraulic  quick-connections.  High  strength  (2700  psi) 
nylon  tubing  was  used  in  all  the  connecting  lines  as  well  as  in  the 
manometer  set-up,  and  teflon  tape  was  applied  in  all  threaded  parts  of  the 
unit.  All  the  parts  of  the  unit  were  tested  for  safety,  and  the  operation 
of  the  individual  components  was  checked  before  the  finalized  test  unit 
was  put  together. 

In  the  running  of  an  FPT,  the  FPT  probe  is  connected  to  the  central 
control  panel  through  the  hydraulic  quick-connection.  The  central  control 
panel  provides  the  quick-connections  to  allow  easy  connection  of  an  air 
pressure  source  (by  means  of  a portable  pressurized  nitrogen  tank),  a vac- 
uum source  (by  means  of  a portable  hand-operated  vacuum  pump)  and  a water 
source  (by  means  of  a portable  water  tank)  to  the  FPT  system.  The  valve- 
switch  on  the  central  control  panel  allows  for  convenient  selection  of 
what  is  to  be  connected  to  the  FPT  probe.  The  four  selections  on  the 
valve-switch  are  (1)  pressure  release  vent,  (2)  vacuum,  (3)  water,  and  (4) 
manometer  (or  the  test  position).  For  example,  if  the  valve-switch  is  at 
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Figure  3.5  Picture  Showing  the  Developed  Portable  FPT  Instrumentation  Unit 
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Figure  3.6  Schematic  of  the  Portable  Field  Permeability  Test  Unit 
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the  vacuum  position,  the  vacuum  source  is  then  channeled  to  be  connected 
to  the  FPT  probe  which  in  turn  is  connected  to  the  central  control  panel 
through  the  probe  quick-connection.  The  central  control  panel  also  pro- 
vides for  convenient  control  of  the  externally  applied  pressure  to  the  FPT 
system  by  means  of  the  pressure  gage  and  regulator.  The  upper  shell  of 
the  aluminum  carrying  case  contains  the  manometer  for  monitoring  the  water 
flow  during  an  FPT  and  a small  high-pressure  water-reservoir  (100  cc) 
which  provides  convenient  replenishment  of  water  to  the  manometer  for  con- 
tinuous and  uninterrupted  test  runs.  The  evaluation  of  the  FPT  instrumen- 
tation unit  is  presented  in  Chapter  4. 

3 . 4 Development  of  Analytical  Solution 
3.4.1  The  Flow  Pattern  in  the  FPT 

It  is  interesting  to  note  that  Darcy's  law  is  a linear  law,  similar 
to  Newton's  law  of  viscosity,  Ohm's  law  of  electricity,  Fourier's  law  of 
heat  conduction,  and  Fick's  law  of  diffusion  [24].  It  is  also  an  essen- 
tial assumption  in  the  quantitative  theory  of  incompressible  flow  in  aqui- 
fers (Laplace  equation)  as  well  as  other  theories  and  methods  of  ground- 
water  hydrology,  rock  and  soil  mechanics.  The  well-known  Laplace  equation 
similar  to  the  one  frequently  used  for  determining  the  steady  flow  of  a 
non-compressible  homogeneous  fluid,  such  as  water,  through  an  isotropic 
and  uniform  porous  body  is  normally  used  to  express  the  steady  state  flow 
in  rock  masses.  This  equation  has  been  solved  by  formal  mathematical 
methods  for  a very  large  number  of  cases  of  plane  flow  corresponding  to 
various  boundary  conditions.  Values  of  the  coefficient  of  permeability, 
as  measured  by  radial  flow  across  rock  cores  with  a central  hole,  pre- 
sented in  the  literature  often  show  wide  variations.  It  is  believed  that 
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in  most  of  the  cases  reported,  the  permeability  of  the  rock  results  from 
open  fissures  and  thin  joints  and  not  from  the  more  uniformly  distributed 
pores  as  in  the  case  of  concrete. 

Another  common  situation  in  which  radial  flow  is  encountered  is  flow 
toward  a pumped  well.  The  mathematical  expression  for  a removal  of  heat 
at  a constant  rate  from  a homogeneous,  infinite  slab  has  provided  a useful 
analogy  for  study  of  groundwater  flow  to  a pumping  well. 

The  analogy  used  between  heat  and  groundwater  flow  is  a classic  ex- 
ample of  application  of  knowledge  from  a branch  of  science  such  as  physics 
or  mathematics  to  problems  of  engineering.  Review  of  studies  on  constitu- 
tive relations  for  concrete,  rock  and  soils  made  by  a number  of  re- 
searchers [25]  further  shows  the  analogies  which  exist  in  the  flow  of 
water  through  these  porous  media.  Since  the  equations  used  (such  as  Darcy 
and  Laplace)  also  govern  a number  of  other  physical  phenomena,  such  as 
flow  of  heat,  free  surface  flow  of  water  and  flow  of  electricity,  the 
mathematical  solutions  obtained  for  those  phenomena  can  be  used  for  the 
flow  of  water  through  concrete.  As  it  is  presented  later,  these  strong 
analogies  which  exist  between  the  fundamental  laws  of  the  various  forms  of 
flow  and  the  flow  of  water  through  concrete  were  used  as  a basis  for  the 
development  of  a test  method  for  the  determination  of  the  in  situ  perme- 
abi 1 ity  of  concrete. 

3.4.2  Derivation  of  the  Packer/Lugeon  Equations 

In  order  to  verify  the  validity  of  the  Packer/Lugeon  equations  used 
in  the  analysis  of  the  FPT  results  and  data,  a mathematical  derivation  of 
these  equations  was  sought.  After  an  extensive  review  of  the  fundamental 
principles  governing  the  flow  of  water  through  porous  media,  an  analytical 
solution  of  the  flow  problem  encountered  in  the  FPT  was  achieved.  The 
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following  mathematical  derivation  was  based  on  the  analysis  presented  by 
M.E.  Harr  [26],  and  the  analogies  which  exist  between  the  fundamental  laws 
of  the  various  forms  of  flow  and  the  flow  of  water  through  concrete.  It 
should  be  pointed  out  that  this  problem  was  examined  from  the  macroscopic 
point  of  view  and  was  based  on  the  continuum  approach  in  which  no  atten- 
tion is  paid  to  the  pores  or  pore  structure  of  the  concrete.  Figure  3.7 
shows  how  the  geometric  configuration  of  the  FPT  set-up  was  modeled  for 
this  analysis.  According  to  the  continuum  approach  and  in  order  to  simpli- 
fy the  problem,  the  following  assumptions  were  employed  in  this  analysis: 

a)  Semi -infinite  porous  medium 

b)  Homogeneous  material 

c)  Uniform  and  continuous  flow  region 

d)  Steady-state/spherical  flow 

The  following  parameters  are  defined: 

R = Radius  of  influence  (i.e.,  the  effective  radius  of  the 
flow  region  under  study) 

0(R)  = The  potential  at  a distance  R from  the  center  of  the 
sphere . 

The  discharge,  Q,  at  any  radial  distance  p from  the  source  at  the 
center  of  the  sphere  (see  Figure  3.7  (a))  is 

Q = 47tp2u  = 47tp2-|^ 

H dp 

(3.1) 

d(j>  _ Q 
dp  47ip2 

47rp 2 


where 


= surface  area  of  sphere 
= radial  velocity 
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Figure  3.7  Modeling  of  the  Geometric  Configuration  of  (a)  the  Flow  Region,  and 
(b)  the  Test  Section  of  the  FPT 


By  integrating  Eqn  (3.1),  fdc J>  = f — ^_dp 

J •>  4 7T  p 2 


we  get  that  the  potential,  0,  is 


<{>  = - 


0 

4np 


+ C 


(3.2) 


Equation  (3.2)  indicates  that  in  the  case  of  spherical  flow  the  potential 
varies  inversely  with  the  radius.  According  to  Harr  [26],  this  is  a more 
rapid  variation  than  the  simple  radial  flow  problem. 

In  order  to  determine  the  constant  of  integration  "C"  in  Eqn  (3.2), 
the  boundary  conditions  at  the  hole  should  be  defined  as  follows: 

P = r,  and  0 = 0o 

Therefore,  by  solving  Eqn  (3.2)  with  respect  to  "C"  we  get 


C = 4>0  + 


0 

4 nr 


(3.3) 


By  applying  the  boundary  conditions,  and  substituting  equation  (3.3)  into 
(3.2) , we  get 


1 

r 


(3.4) 


where  r < p < R 

Referring  to  Figure  3.7(b),  the  following  parameters  are  thus  defined: 

2r  = Diameter  of  test  hole 

L0  = 2L  = Length  of  test  section 


The  discharge,  Q,  can  be  assumed  to  be  constant  along  the  test  section, 
and  the  discharge  per  unit  length  can  be  expressed  as 
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dQ  = Q_  =,  d0  Q_  dn 

dr\  2 L 2 L 


(3.5) 


Assuming  Eqn.  (3.2)  to  represent  the  potential  at  any  point  in  the  flow 
region, 


d<\>  = 


dQ 
4tc  p 


(3.6) 


From  the  cylindrical  coordinate  system  shown  in  Figure  3.7(b), 


p = yjr2  + (z  - r | ) 


(7) 


By  combining  Eqns.  (3.5),  (3.6)  and  (3.7),  we  get 


=—  g?4>  = 


8 k d\J r2  + ( z - rj ) 2) 


dtl 


Set  the  limits  of  integration  from  - — to  + — 

y 2 2 


(note  that  Lq  = 2L) 


<b(r,z)  = 


/: 


dn 


87TL  J-Z,  yr2  + (2-^)2 


(3.8) 


Multiply  Eqn.  (3.8)  by 


4 >(r,z)  = 


8ttL  J-l 


a 


(l/r)  dr| 


(1/r)  <Jr2  + (z  - q)  2 
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£>(l/r)  rL 


8-kL 


/: 


dr\ 

ll  + (Z-Tl) 
r2  r2 


0(l/r)  rL 


8uL 


/: 


dn 


(3.8A) 


1 + 


By  setting  x = 3-J  , and  taking  the  derivative  of  both  sides  as  dx 

= --^n.  f we  get  dri  = - rdx,  which  is  then  substituted  into  Eqn.  (8A)  as 


r 

follows: 


z-L 


4>  (r,  z)  = oa/z)  r ' -zdx_ 


8 T Z L J z+L 


I 


yr 


+ x^ 


(8B) 


z-L 


_ -0 


8 itL  . 1 z + L 


/ ' 
J Z + Z 


dx 


■SlL  s/x2  + 1 


Recall  that  sinh-1(x)  = £n(x  + <J x2  + 1 ) for  all  x,  and  sinh  1 (-x) 
= -sinh_1(x). 

Therefore, 


dsinh'1  (x) 


1 + 


2x 


2 sjx2  + 1 


dx 


X + \lx2  + 1 


\Jx2  + 1 


By  performing  the  integration,  Eqn.  (3.8B)  is  thus  reduced  to 


z-L 


§{r,z)  = — — [sinh'1  (x)  ] 1 
8 tzL 


z*L 
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-Q 

8 nL 


sinh-1 


sinh 


-i  i z + L 


4 >(r,z)  = 


Q 

87 iL 


sinh  1 ( z + L\  - sinh-1 l Z~L 


(3.9) 


According  to  M.  E.  Harr  [26],  the  equi potenti al  surfaces  given  by  Eqn. 
(3.9)  are  seen  to  be  ellipsoids. 

By  assuming  z = 0 and  substituting  Lo  = 2L,  Eqn.  (3.9)  becomes 


4)  (r) 


0 

2nL0 


sinh-1 


Q 

2nL0 


\ r 


(3.10) 


where  sinh-1(x)  = £n  (x  + ^ xz  + ^ ^ , and  if  x » 1 , sinh  *(x)  is  approx- 
imately equal  to  £n(2x) . 

Finally,  if  we  substitute  in  Eqn.  (3.10)  Kh  = </>,  and  solve  with  respect  to 
the  permeability,  K,  we  obtain 


K = 


2n  L0h 


sinh 


-1 


K) 

i 2 I , 


; for  r s La  < lOr 


(3.10A) 


and 


K = 


Q 


2nL0h 


in 


K) 

V z , 


; for  L £ 10r 


(3.10B) 


where  K = coefficient  of  permeability 
h = applied  pressure  head 

Equations  3.10A  and  3.10B  are  usually  referred  to  as  the  "Packer/ 
Lugeon"  equations,  and  are  the  ones  used  by  the  U.S.  Bureau  of  Reclamation 
for  in  situ  determination  of  rock  mass  permeability.  The  analysis 
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presented  above  constitutes  the  mathematical  derivation  of  the  analytical 
solution  to  the  flow  phenomenon  encountered  in  the  FPT. 

3.5  Investigation  on  the  Effects  of  Porosity  on  Permeability  of  Concrete 
3.5.1  Porosity  and  Permeability  of  Concrete 

The  most  important  macroscopic  pore  structure  parameters  which  are 
related  to  porous  materials  such  as  concrete  are  the  porosity,  and  the 
permeability.  Greenkorn  [27]  indicates  that  there  may  be  a correlation 
between  porosity  and  permeability,  but  they  certainly  do  not  regress. 
Permeability  cannot  be  predicted  from  porosity  alone  since  additional 
parameters  which  contain  more  information  about  pore  structure  are  needed. 
More  specifically  for  concrete,  Neville  [28]  clearly  states  that  the  per- 
meability of  concrete  is  not  a simple  function  of  its  porosity,  but  de- 
pends on  the  size,  distribution,  and  continuity  of  the  pores. 

Permeability  is  the  term  used  for  the  conductivity  of  a porous  medi- 
um with  respect  to  permeation  by  a fluid.  The  permeability  is  strictly 
defined  as  the  property  of  a porous  material  which  characterizes  the  ease 
of  fluid  flow  into  or  within  the  material  due  to  combination  of  pressure, 
humidity,  and  temperature  differentials,  or  due  to  solutions  of  different 
concentrations  (osmotic  effects). 

Flow  in  porous  media  requires  a description  of  both  the  media  and 
the  flow.  A porous  medium  generally  is  an  extremely  complicated  network 
of  channels  and  obstructions.  Concrete  is  a composite  material;  particles 
of  aggregate  are  contained  in  a continuous  matrix  of  mortar  which  itself 
comprises  a mixture  of  cement  paste  and  smaller  aggregate  particles.  A 
porous  medium  is  isotropic  with  respect  to  permeability  if  it  is  equally 
permeable  to  flow  in  all  directions.  In  the  case  of  concrete,  which  is 
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considered  to  be  an  isotropic  material,  the  flow  of  water  through  its  thin 
pores  is  viscous  and  assumed  to  be  laminar,  since  the  permeability  is  very 
low  and  the  velocity  of  percolation  is  very  small.  It  is  normally  ac- 
cepted that  the  flow  of  water  through  concrete  follows  Darcy's  law,  al- 
though important  discrepancies  can  be  found,  e.g.,  when  the  velocity  of 
percolation  is  high  and  the  flow  is  turbulent. 

The  matrix  of  a porous  medium  is  the  material  in  which  the  holes  or 
pores  are  imbedded.  The  manner  in  which  the  holes  are  imbedded,  how  they 
are  interconnected,  and  the  peculiarity  of  their  location,  size,  shape, 
and  interconnection  characterize  the  porous  medium.  Permeability  is  re- 
lated to  the  pore  size  distribution  since  the  distribution  of  the  sizes  of 
entrances,  exits,  and  lengths  of  the  pore  walls  make  up  the  major  resis- 
tance to  flow.  Permeability  is  the  single  parameter  that  reflects  the 
conductance  of  a given  pore  structure.  Porosity  is  a quantitative  prop- 
erty that  describes  the  fraction  of  the  medium  that  contains  voids.  In 
defining  porosity  the  complex  network  of  voids  is  replaced  with  a single 
number  that  represents  an  average  property.  A porous  medium  of  a given 
porosity  can  be  extremely  different  from  another  porous  medium  that  has 
the  same  porosity  [28],  and  it  is  possible  for  two  porous  bodies  to  have 
similar  porosities  but  different  permeabilities  [29]. 

Porosity  macroscopical ly  characterizes  the  effective  pore  volume  of 
the  medium  or,  more  simply,  porosity  is  the  fraction  of  the  bulk  volume  of 
the  porous  sample  that  is  occupied  by  pore  or  void  space.  There  are  two 
kinds  of  pore  or  void  space--one  which  forms  a continuous  phase  within  the 
porous  medium,  called  "interconnected"  or  "effective"  pore  space,  and  the 
other  which  consists  of  "isolate"  or  "noninterconnected"  pores  or  voids 
dispersed  over  the  medium.  Noninterconnected  voids  or  pore  space  cannot 
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contribute  to  transport  of  matter  across  the  porous  medium;  only  the  in- 
terconnected or  effective  pore  space  can.  "Dead-end"  or  "blind"  pores  are 
interconnected  only  from  one  side.  Even  though  these  pores  can  often  be 
penetrated,  they  usually  contribute  only  negligibly  to  permeability. 
Therefore,  only  the  pores  or  fraction  of  the  medium  that  contributes  to 
flow  constitutes  the  "effective  porosity." 

It  is  important  to  differentiate  between  the  permeability  and  the 
porosity  of  a porous  material  such  as  concrete.  For  example,  a material 
could  contain  a number  of  small  discrete  voids  such  as  in  a lightweight 
material  but  if  the  voids  are  not  interconnected  then  the  permeability  of 
the  material  may  remain  low.  On  the  other  hand,  if  there  are  a number  of 
connected  pores  through  the  material  which  may  even  exhibit  a high  den- 
sity, the  permeability  could  be  high.  It  is  obviously  quite  possible  for 
two  porous  media  of  the  same  porosity  to  have  entirely  different  permea- 
bility. In  fact,  only  one  large  passage  connecting  capillary  pores  will 
result  in  a large  permeability,  while  the  porosity  will  remain  virtually 
unchanged.  As  Scheidegger  [22]  characteristically  states,  a simple  con- 
sideration of  the  theoretical  possibilities  of  the  structure  of  porous 
media  makes  one  realize  that  a general  and  simple  correlation  between 
porosity  and  permeability  cannot  exist. 

3.5.2  Determination  of  the  Porosity  of  Hardened  Concrete 

There  does  not  exist  any  standard  method  for  determining  the  effec- 
tive porosity  of  hardened  concrete.  However,  ASTM  C642  is  a standard  test 
method  for  the  determination  of  specific  gravity,  percent  absorption,  and 
percent  voids  in  hardened  concrete.  Using  this  method  the  total  fraction 
of  permeable  voids  (in  percentage)  present  in  a cylindrical  concrete 
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specimen  (from  batch  #35)  of  4-inch  (10.154  cm)  diameter  and  1.91  inch 


(4.853  cm)  thickness  was  determined  as  follows: 

A = grams  of  oven-dry  sample  in  air  = 839.80 

B = grams  of  saturated  surface-dry  sample  in  air 

after  immersion  = 884.20 

C = grams  of  SSD  sample  in  air  after  immersion  and 

boiling  = 887.10 

D = grams  of  sample  suspended  in  water  after 

immersion  and  boiling  = 495.30 

gl  = dry  bulk  specific  gravity,  A/(C-D)  = 2.14 

g2  = apparent  specific  gravity,  A/(A-D)  = 2.44 

Absorption  after  immersion,  [ ( B - A ) /A] * 1 00  = 5.287% 

Absorption  after  immersion  and  boiling  [ ( C - A )/A] * 1 00  = 5.632% 

PERMEABLE  PORE  SPACE  (VOIDS),  % 

= [ (g2  - gl)  / g2]  * 100  = 12.30  % 


Another  concrete  specimen  (from  batch  #33),  having  approximately  the 
same  dimensions  as  the  one  used  in  the  above  experiment,  was  estimated 
(using  ASTM  C642)  to  have  a permeable  pore  space  of  9.93%  which  corre- 
sponded to  approximately  373  cc  of  solids  and  38  cc  of  permeable  voids. 

It  should  be  noted  that  this  method  provides  only  an  estimate  of  the 
pore  space,  and  ASTM  does  not  provide  a precision  statement  for  this  meth- 
od due  to  insufficient  data  available.  ASTM  indicates  that  depending  on 
the  purposes  for  which  the  test  results  are  desired,  the  procedures  of 
this  method  may  be  adequate,  or  they  may  be  insufficiently  rigorous.  Cau- 
tion should  be  taken  in  interpreting  the  results  of  this  ASTM  test  with 
respect  to  permeability  since  no  information  on  the  pore  size  distribution 
and  the  pore  entry  radii  is  provided  by  this  method. 
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ASTM  further  suggests  that  if  a rigorous  measure  of  the  total  pore 
space  is  desired,  this  can  only  be  obtained  by  determining  absolute  spe- 
cific gravity  by  first  reducing  the  sample  to  discrete  particles,  each  of 
which  is  sufficiently  small  so  that  no  impermeable  pore  space  can  exist 
within  any  of  the  particles.  For  this  purpose,  a core  specimen  obtained 
from  a model  concrete  slab  section  (block)  made  from  batch  #35  was  sliced, 
using  a low-speed  saw  with  special  blade,  in  six  thin  discs  having  average 
diameter  of  18.44  mm  and  thicknesses  ranging  from  approximately  1 mm  to  21 
mm.  Following  the  procedure  stipulated  by  ASTM,  the  total  pore  space  in 
each  disc  of  concrete  specimen  was  estimated  to  range  from  about  20%,  for 
the  1 mm  slice,  to  approximately  8%,  for  the  21  mm  disc,  giving  an  average 
of  11.37%  of  permeable  pore  space  for  the  entire  core  specimen  as  shown  in 
Table  3.1.  This  method  required  three  additional  days  for  the  preparation 
of  the  thin  disc-specimens  before  the  5-day  standard  procedure  stipulated 
by  ASTM  C642  was  employed.  From  the  above  results,  it  can  be  concluded 
that  the  ASTM  C642  method  provided  a sufficiently  good  estimate,  within 
about  1%,  of  the  volume  of  permeable  pore  space  (voids)  of  the  hardened 
concrete  produced  by  the  batches  under  investigation. 

3.5.3  Permeability  vs.  Porosity 

From  the  results  obtained  from  the  above  experiments,  one  would  ex- 
pect that  the  concrete  specimen  which  had  the  lower  percent  of  void  con- 
tent would  logically  exhibit  a lower  water  permeability  since  the  total 
permeable  pore  space  was  smaller.  These  same  concrete  specimens  were  pre- 
viously used  in  the  laboratory  permeameter  and  their  corresponding  permea- 
bilities were  determined  to  be  9.503E-12  cm/sec  and  6.94E-12  cm/sec  for 
batch  #33  and  #35,  respectively.  It  is  interesting  to  note  that  although 
the  specimen  from  batch  #35  had  approximately  27%  more  permeable  pore 


Table  3.1  Estimation  of  Permeable  Pore  Space  (Effective  Porosity)  in  a Hardened  Concrete  Specimen 
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space  than  that  of  batch  #33  it  exhibited  a 36.93%  lower  coefficient  of 
permeability.  Apparently,  the  total  permeable  pore  space  could  not  pro- 
vide a reliable  index  for  the  permeability  of  hardened  concrete  unless 
additional  parameters  which  contain  more  information  about  the  pore  struc- 
ture were  available.  This  clearly  indicates  that  indeed  the  permeability 
of  concrete  is  not  a simple  function  of  its  porosity  but  depends  on  the 
size,  distribution,  and  continuity  of  the  pores  - microscopic  parameters 
that  are  not  easy  to  determine.  From  the  analysis  of  the  limited  data 
available,  it  appears  that  no  definite  correlation  between  porosity  and 
permeability  can  be  established  at  this  point. 

3.6  Investigation  on  the  Effective  Radius  of  Flow  Region 
3.6.1  Concept  of  Effective  Radius  of  Flow  Region 

An  attempt  was  made  in  order  to  estimate  the  effective  radius  (ra- 
dius of  influence)  of  the  flow  region  encountered  in  the  field  permeabil- 
ity test.  Although  the  flow  region  is  difficult  to  be  established,  since 
the  boundary  conditions  are  not  defined  due  to  the  existence  of  an  unsatu- 
rated-saturated  condition  of  the  moving  boundary  (flow  front),  a reason- 
able estimate  of  the  effective  radius  could  be  obtained  using  the  modified 
Thiem  equation  used  in  partially  penetrating  wells  [30].  If  it  is  assumed 
that  the  initial  radial  flow  of  water  into  the  concrete  is  similar  to  that 
encountered  in  confined  aquifers,  then  the  following  equation  can  be  used: 
Q = 2ttKL  (H-h  ) / 1 n(r  /r  ) 
where  Q = flow  from  the  partially  penetrating  well 
K = hydraulic  conductivity  (permeability) 

Le  = length  of  the  open  portion  of  the  well  through  which  flow 


occurs 
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H = hydraulic  head  at  a specified  distance  from  center  of  well 
h = head  at  the  center  of  well 

W 

r = radius  of  well 

W 

Re  = effective  radius  of  the  flow  system  over  which  the  head 
difference  (H-hJ  is  dissipated 
Solving  the  above  equation  with  respect  to  R , we  get 

R - [2irLc(H-hw)(K/Q)  + ln(rw)] 
e ® 

It  can  be  recognized  that  the  parameters  of  this  equation  are  analogous  to 
the  ones  employed  in  the  FPT;  i.e.,  Lp  is  analogous  to  the  length  of  test 
section  L through  which  flow  occurs,  rw  is  analogous  to  the  radius  of  the 
drilled  test  hole  r,  hw  is  analogous  to  the  applied  constant  head  (pres- 
sure), and  Q is  analogous  to  the  volumetric  flow  of  water  into  the  con- 
crete measured  during  an  FPT.  By  knowing  the  values  of  K and  Q,  the  ef- 
fective radius  Re  of  the  flow  region  can  be  estimated.  The  coefficient  of 
permeability  as  determined  by  Darcy's  law  in  the  laboratory  permeameter  is 
assumed  to  be  the  theoretical  K value  of  the  concrete  material  tested. 
Then,  by  using  the  Q value  obtained  from  the  FPT,  and  assuming  the  head  H 
to  be  zero,  Re  can  be  determined  using  the  above  equation. 

An  average  value  of  Rg  = 1.194  cm  was  obtained  when  K and  Q values 
of  several  batches  were  used.  This  indicates  that  the  average  depth  of 
penetration  of  water  during  a typical  FPT  run  is  theoretically  around  1 cm 
into  the  concrete. 
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3.6.2  Relating  Volume  of  Flow  to  Volume  of  Saturated  Solid  Material 
Theoretically,  the  total  volume  of  water  (Q)  injected  into  the  con- 
crete during  an  FPT  should  be  equal  to  the  volume  of  the  saturated  pore 
space  of  the  solid  material  (Ve)  within  the  effective  flow  region,  provided 
that  the  material  is  fully  saturated.  Having  estimated  the  porosity  of 
the  concrete  material,  an  equivalent  cylindrical  volume  of  saturated  solid 
(not  including  any  void  space)  can  be  calculated.  The  volume  of  saturated 
solid  Vs  $ (including  voids)  can  be  calculated  by  subtracting  the  volume 
occupied  by  the  test  hole.  Finally,  the  Ve  can  be  calculated  by  multi- 
plying Vs  s by  the  porosity. 

Example:  Batch  # 35 

Total  Q = 0.359  c 

Porosity  = 12.30%  (estimated  volume  of  permeable  space) 

=>  Equiv.  Cyl.  Vol . of  Sat.  Solid  = 0.359  cc/.1230  = 2.919  cc 

3.6.3  Estimation  of  Permeability  Based  on  Effective  Radius  of  Flow  Region 
If  the  effective  radius  of  flow  region  is  properly  estimated,  then 

the  modified  Thiem  equation  presented  above  can  be  solved  with  respect  to 
K and  used  to  obtain  an  estimate  of  the  permeability.  However,  in  order 
to  obtain  an  accurate  and  sufficiently  precise  value  of  Re,  a sophisticated 
finite-element  computer  model,  able  to  handle  unsteady  initial  flow  condi- 
tion with  progressing  unsaturated-saturated  interface  of  a moving  bound- 
ary, is  required.  Such  a computer  model  is  not  readily  available.  An  ad- 
ditional limitation  is  that  the  porosity  of  the  tested  concrete  should 
also  be  known.  This  parameter  is  not  easily  obtained,  and  there  does  not 
exist  any  method  to  determine  the  porosity  of  large  structural  concrete 
elements  such  as  those  tested  in  the  field. 
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3.7  Test  Procedure 

Using  the  newly  developed  prototype  FPT  instrument,  it  is  now  pos- 
sible to  test  structural  concrete  at  the  site  and  under  actual  field  con- 
ditions rather  than  coring  a sample  from  a structure  and  bringing  it  to 
the  lab  for  analysis. 

The  finalized  FPT  apparatus  consists  of  two  main  units,  namely,  the 
FPT  probe  which  is  the  actual  device  that  is  inserted  into  the  test  hole 
and  which  injects  pressurized  water  into  the  concrete  mass,  and  the  FPT 
instrumentation  unit  which  provides  the  central  control  and  the  monitoring 
during  a field  permeability  test  run. 

In  situ  permeability  tests  can  be  run  at  different  locations  on  the 
structure.  Structural  elements  such  as  pile  columns,  piers,  and  pier/pile 
caps  of  bridge  substructures  can  be  selected  for  testing  based  on  needs, 
available  data,  field  inspection  and  evaluation  of  the  condition  of  the 
site  concrete,  and  accessibility  of  test  location.  The  concrete  to  be 
tested  should  be  sound  and  without  any  signs  of  deterioration  (scaling, 
cracking,  spalling,  corrosion,  etc.),  and  the  concrete  surface  should  be 
cleaned  from  any  marine  organisms  if  the  selected  test  location  is  within 
the  tidal  or  splash  zones.  The  field  permeability  test  is  performed  by 
inserting  the  FPT  probe  in  a 7/8-inch  diameter,  8-inch  deep  hole  drilled 
perpendicular  to  the  concrete  surface  (the  relative  location  of  the  rein- 
forcing steel  and  the  clear  concrete  cover  should  be  determined  before  any 
drilling  is  performed  by  using  a portable  R-Meter  to  avoid  altering  the 
structural  integrity  of  the  concrete  element  tested),  sealing  off  a sec- 
tion of  the  hole  with  the  double-packer  mechanism  of  the  probe,  and  ap- 
plying high  pressure  to  force  the  water  to  permeate  radially  into  the  con- 
crete mass.  The  rate  of  flow  of  water  into  the  test  section,  i.e.,  the 
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injection  rate,  is  constantly  monitored  by  means  of  the  manometer  set-up 
mounted  on  the  upper  shell  of  the  FPT  instrumentation  unit.  Measurements 
are  taken  at  regular  time  intervals  and  as  long  as  it  takes  to  obtain  uni- 
form readings  within  acceptable  limits.  By  determining  the  average  volu- 
metric flow  (cc/sec)  of  water  into  the  concrete  a permeability  value  can 
be  calculated  using  the  Packer  (Lugeon)  equations.  The  moisture  content 
of  the  concrete  at  the  test  location  is  measured  before,  during,  and  after 
testing  using  a nondestructive  portable  moisture  meter  (M-49  H20  Meter)  in 
order  to  determine  the  initial  condition  of  the  tested  section  as  well  as 
to  determine  whether  the  FPT  probe  is  properly  injecting  water  into  the 
surrounding  concrete  mass. 

Usually,  a higher  rate  of  flow  into  the  concrete  mass  is  obtained 
when  the  concrete  is  dry,  as  compared  to  the  ones  obtained  when  the  con- 
crete is  partially  or  fully  saturated.  In  such  a case,  a high  initial 
drop  of  the  water  level  in  the  manometer  tube  is  observed.  However,  the 
flow  should  resume  normal  rates  after  the  initial  drop  is  accounted  for. 
In  order  to  eliminate  any  test  discrepancies  due  to  the  above,  as  well  as 
to  offset  any  possible  effects  due  to  conditions  such  as  capillarity  and 
absorption,  the  test  procedure  which  is  followed  is  to  allow  the  water  to 
flow  into  the  concrete  for  approximately  30  minutes  and  then  to  begin  reg- 
ular fl ow  measurements . The  step-by-step  FPT  operating  and  testing  proce- 
dure employed  in  this  study  is  presented  in  detail  in  Appendix  A. 

3 . 8 Method  of  Analysis  of  Data 

The  developed  method  of  analysis  is  short  and  simple,  and  does  not 
require  any  complicated  calculations  or  the  use  of  any  sophisticated  sta- 
tistical approach.  The  simplification  of  the  analytical  equations  along 
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with  the  proper  reduction  of  empirical  data  can  produce  the  desirable  re- 
sults rapidly  and  easily.  The  use  of  computer  is  not  required  but  is 
recommended  only  in  the  case  that  an  optional  graphical  representation  of 
the  obtained  test  results  is  desired.  Otherwise,  a hand-held  calculator 
is  sufficient  for  the  required  calculations  since  all  the  constants  and 
conversion  factors  are  provided. 

The  developed  procedure  consists  of  three  stages,  namely,  data  col- 
lection, data  reduction  and  analysis,  and  determination  of  the  permeabil- 
ity index.  These  are  presented  in  the  following  sections. 

3.8.1  Data  Collection 

Field  permeability  test  data  performed  on  in-service  concrete  struc- 
tures should  be  recorded  in  a standard  data  sheet  as  shown  in  Figure  3.8. 
The  geographical  location  or  orientation  of  the  structure  to  be  tested 
with  respect  to  other  highway  facilities  or  routes  is  a useful  information 
that  could  be  recorded  for  possible  future  reference.  Reference  coding  or 
numbering  of  the  structural  element  tested  should  be  utilized.  Although 
any  arbitrary  coding  system  could  be  used,  it  is  recommended  that  a con- 
ventional system  which  is  either  previously  used  by  the  testing  agency  or 
one  that  corresponds  to  the  design  of  the  structure  would  offer  a more 
convenient  reference.  Exact  recording  of  the  test  location  is  very  im- 
portant. A visual  documentation  such  as  a photograph  or  a schematic  dia- 
gram is  the  best  record.  This  should  clearly  indicate  whether  the  test 
section  is  within  or  above  the  splash  zone  in  case,  for  example,  the 
structural  element  is  a submerged  pile.  If  this  is  not  possible,  a refer- 
ence to  the  distance  of  the  test  hole  from  the  high-tide  level  is  an  al- 
ternative sufficient  information. 
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FIELD  PERMEABILITY  TEST  (FPT) 
DATA  SHEET 


STRUCTURE  TESTED: 

ELEMENT: 

TEST  LOCATION: 

TESTED  BY: ASSISTED  BY: 

DATE/TIME: 


% RELATIVE  MOISTURE: 

1 

2 

3 

4 

AVG 

BEFORE  TEST: 
AFTER  TEST: 

APPLIED  TEST  PRESSURE: 

TEST  TIME  WATER  LEVEL  DROP 

ELAPSED  (min.)  IN  MANOMETER  (in.)  REMARKS 


Figure  3.8  Standard  FPT  Data  Sheet 
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The  percent  relative  moisture  of  the  in  situ  concrete  should  be  re- 
corded before  and  after  any  test  is  performed.  Readings  at  the  four  dia- 
metrical points  around  the  test  hole  should  be  taken,  and  recorded  along 
with  the  average  value.  Finally,  the  applied  test  pressure  and  the 
starting  time  of  test  measurements  should  be  recorded  before  an  actual  FPT 
is  performed  according  to  the  test  procedure  described  in  section  3.7. 
Any  problems,  anomalies,  discontinuities,  or  disruptions  that  may  occur 
during  a test  run  should  be  recorded  under  "Remarks"  on  the  FPT  Data 
Sheet. 

Measurements  can  be  taken  at  any  selected  convenient  regular  time 
interval  between  5 to  15  minutes  and  as  long  as  it  takes  to  obtain  uniform 
readings  within  acceptable  limits.  For  each  time  interval,  the  change  of 
the  water  level  in  the  manometer  (AH)  is  measured  and  recorded  in  the  ap- 
propriate column  on  the  data  sheet.  If  for  a fixed  time  interval,  a mea- 
surement of  AH  which  is  within  the  precision  of  the  measuring  device  is 
repeatedly  recorded  for  at  least  a total  of  30  minutes,  then  this  would 
indicate  that  a relatively  constant  injection  rate  is  achieved.  For  all 
practical  purposes,  this  would  also  indicate  that  a steady-state  flow 
condition  is  reached,  and  the  test  run  is  thus  completed. 

In  addition  to  the  data  recorded  on  the  FPT  Data  Sheet,  for  each 
concrete  structure  tested  the  following  information  should  be  obtained,  if 
possible: 

a)  The  design  service  life  of  the  structure. 

b)  The  age  of  the  structure. 

c)  The  distance  from  the  coast. 

d)  The  concrete  type  used  and  any  available  mix  design  parameters. 

e)  The  thickness  of  concrete  cover  over  the  reinforcing  steel. 
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f)  Other  protection  for  the  reinforcing  steel  bars  such  as  epoxy 
coating  or  cathodic  protection  systems. 

3.8.2  Data  Reduction  and  Analysis 

The  data  reduction  process  involves  the  conversion  of  the  obtained 
raw  measurements  of  the  drop  of  the  water  level  (AH)  in  the  manometer  to 
a volumetric  flow  in  cubic  centimeters  (cc)  and  then  to  an  average  rate  of 
water  inflow  (injection  rate)  in  cc/sec. 

This  is  demonstrated  in  the  following  simple  example: 

Applied  test  pressure,  P = 200  psi 

FPT  measurement  time  interval  = 10  minutes 

Constant  drop  of  water  level  in  the  manometer,  AH  = 0.5  inches 
The  inside  diameter  of  the  manometer  tubing  is  known  and  assumed  to  have 
a constant  value  of  d = 0.078  inches.  By  simple  geometry,  a cylindrical 
volume  is  obtained  by  multiplying  by  {n  x d2/4).  Since  the  measurements 
are  more  conveniently  taken  in  inches,  the  constant  factor  Cc  = 0.07830333 
is  used  to  directly  convert  cubic  inches  to  cubic  centimeters  (cc). 
Therefore,  for  this  example,  the  total  volume  of  water  injected  into  the 
concrete  per  10-minute  interval  is  simply  Vq  = Cc  x 0.5  = 0.03915  cc,  which 
is,  in  turn,  converted  into  a constant  rate  of  flow,  Q = 6.525E-5  cc/sec 
by  dividing  Vq  by  the  time  interval.  Although  cubic  inches  per  seconds 
could  also  be  used  to  express  the  value  of  the  rate  of  flow,  it  is  more 
customary  to  report  this  parameter  in  the  literature  using  the  Si-units  of 
cubic  centimeter  per  seconds  (cc/sec). 

There  are  two  basic  approaches  for  analyzing  the  reduced  FPT  data. 
In  the  case  where  a steady-state  flow  condition  has  clearly  been  estab- 
lished during  an  FPT  run  (i.e.,  a constant  value  of  AH  repeatedly  recorded 
for  at  least  30  minutes),  then  the  measured  injection  rate  automatically 
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defines  the  constant  rate  of  flow  of  water  into  the  concrete  (cc/sec).  In 
the  event  where  the  obtained  measurements  do  not  clearly  indicate  a 
steady-state,  then  the  cumulative  volume  of  water  (cc)  injected  into  the 
concrete  is  graphically  plotted  versus  the  total  test  time  elapsed.  The 
slope  of  the  produced  curve  at  any  point  indicates  the  rate  of  flow  (vol- 
ume per  unit  of  time)  of  water  into  the  concrete  at  the  corresponding  test 
time.  For  each  FPT  data  set  plotted,  an  average  rate  of  inflow  can  be  de- 
termined where  the  produced  curve  is  approximately  linear  (i.e.,  the  slope 
of  the  curve  is  approximately  constant).  Five  to  seven  data  points  of  the 
linear  portion  of  the  obtained  plot,  usually  corresponding  to  the  final  15 
to  30  minutes  of  testing,  should  be  considered  in  determining  the  reported 
average  inflow.  Figure  3.9  is  a typical  plot  of  actual  FPT  data  analyzed 
in  such  a manner. 

3.8.3  Determination  of  Apparent  Permeability  Coefficient 

Once  a rate  of  flow  of  water  injected  into  the  concrete  tested  is 
established,  a permeability  coefficient  can  be  determined  by  using  the 
Packer/Lugeon  equations  presented  in  Section  3.4.  Since  the  length  of  the 
test  section,  Lq,  is  fixed  and  constant  for  every  test,  and  its  value 
always  lies  between  r and  lOr,  Equation  3.10A  is,  therefore,  applicable 
for  the  FPT  set-up  employed  in  this  study.  A close  study  of  this  equation 
reveals  that  the  only  variable  in  this  case  is  the  rate  of  flow,  Q,  which 
is  the  measurable  parameter  determined  from  the  FPT  data.  Since  the  pres- 
sure is  set  to  a constant  level  during  each  test,  the  equation  can  be  fur- 
ther simplified  by  incorporating  every  term  into  a constant  factor  "Ck" 
which  has  a value  of  63.134E-5.  The  permeability  index  is  thus  determined 
by  simply  dividing  the  measured  rate  of  flow  (cc/sec)  by  the  pressure 
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Figure  3.9  FPT  Measurements  from  B.  B.  McCormick  Bridge,  Jacksonville 
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value  expressed  in  units  of  "psi"  and  then  multiply  the  output  by  the  con- 
stant Ck  to  directly  obtain  the  permeability  index  in  units  of  cm/sec.  For 
the  particular  example  presented  in  the  above  section,  the  permeability 
index  is  determined  as  follows: 

K = (Q/P)  x Ck  = (6. 5 2 5 E - 5/ 200 ) x 63.134E-5  = 2.06  x 10~10  cm/sec 
Therefore,  the  apparent  permeability  coefficient  for  the  concrete  tested 
is  thus  determined  to  be  equal  to  2.06E-10  cm/sec.  By  simply  dividing 
this  value  by  a factor  of  2.54  cm/in,  the  result  may  optionally  be  ob- 
tained in  units  of  in/sec.  Since  this  permeability  value  is  without  any 
possible  adjustment  or  correction,  it  is  referred  to  as  the  "apparent" 
permeability  coefficient  (K). 


CHAPTER  4 

EVALUATION  OF  THE  DEVELOPED  FPT  APPARATUS  AND  METHOD 

4.1  Laboratory  Experimentation 

4.1.1  Evaluation  of  the  Sealing  Mechanism  of  the  FPT  Probe 

An  evaluation  of  the  developed  FPT  device  was  performed  in  order  to 
assure  that  the  new  design  of  the  sealing  mechanism  could  operate  prop- 
erly. The  new  probe  was  assembled  inside  a 1-inch-thick-walled  aluminum 
pipe  and  repeatedly  subjected  to  externally  applied  pressures  as  high  as 
1,400  psi.  The  probe  was  then  used  in  a number  of  laboratory  trials  per- 
formed on  concrete  specimens  at  various  pressure  levels  and  different  test 
orientations  (vertical,  horizontal  and  inclined  at  various  angles).  The 
FPT  probe  performed  satisfactorily,  and  no  leakage  or  any  other  problems 
were  encountered  during  this  experimentation. 

4.1.2  Evaluation  of  the  FPT  Instrumentation  Unit 

The  FPT  instrumentation  unit  was  extensively  tested,  and  the  pres- 
sure regulator  and  test  gauge  were  properly  calibrated.  All  the  parts  and 
connections  of  the  unit  were  high-pressure-tested  for  safety,  and  the  op- 
eration of  the  individual  components  was  thoroughly  checked.  The  com- 
pleted instrumentation  unit  was  repeatedly  used  in  a number  of  laboratory 
tests,  and  demonstrated  satisfactory  performance  with  no  problems  encoun- 
tered in  any  of  the  tests.  The  developed  instrumentation  unit  enabled  an 
efficient  operation  of  the  FPT  apparatus  by  simplifying  the  test  set-up 
and  dismantling  of  the  apparatus  and,  thus,  drastically  reducing  the  time 
required  for  performing  the  FPTs. 
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4.1.3  Performance  of  the  FPT  Apparatus  Under  Long-Term  Testing 

An  evaluation  of  the  performance  characteristics  of  the  FPT  apparat- 
us under  long-term  laboratory  testing  was  performed.  The  FPT  apparatus 
was  subjected  to  more  than  1,500  hours  of  continuous  operation  under  an 
externally  applied  pressure  of  500  psi  in  the  laboratory.  Extensive  moni- 
toring was  carried  out,  and  no  leakage,  disruption,  or  any  other  anomalies 
were  observed  at  any  stage  of  the  operation.  Based  on  the  above  evalua- 
tion it  was  concluded  that  the  sealing  mechanism  of  the  device  works  sat- 
isfactorily for  even  prolonged  periods  of  operation  and  that  the  developed 
FPT  apparatus  can  also  be  effectively  used  as  a long-term  testing  device 
in  the  laboratory. 

4.1.4  Effect  of  Test  Orientation 

The  effect  of  test  orientation  on  the  obtained  FPT  measurements  was 
also  investigated.  FPTs  were  performed  on  concrete  slab  sections  (blocks) 
in  vertical,  horizontal  and  inverted  positions.  Figure  4.1  is  a typical 
plot  of  cumulative  flow  versus  test  time  elapsed  obtained  during  this  ex- 
perimentation. The  slope  at  every  point  on  the  curve  corresponds  to  the 
rate  of  flow  of  water  (cc/min.)  into  the  concrete.  The  last  four  points 
of  the  linear  portion  of  each  curve,  corresponding  to  the  last  six  minutes 
of  each  test  run,  were  considered  to  determine  the  average  flow  for  each 
boundary  condition.  The  average  flows  obtained  from  FPTs  performed  at 
these  orientations  on  eight  concrete  test  blocks  are  tabulated  in  Table 
4.1.  As  can  be  seen  from  the  slopes  of  each  curve  in  Figure  4.1  and  the 
values  in  Table  4.1,  the  test  flows  obtained  from  each  boundary  condition 
corresponded  closely  to  each  other.  This  indicates  that  test  orientation 
does  not  appear  to  have  a significant  effect  on  test  results,  and  gravita- 
tional effects  on  the  measured  flow  rates  due  to  orientation,  if  any,  ap- 
pear to  be  negligible. 


0 INVERTED  a HORIZONTAL 
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Figure  4.1  Typical  Flows  Obtained  from  FPTs  Performed  at  Different  Test  Orientations 


60 


61 


4.1.5  Effect  of  Using  a Partially  Filled  Test  Section 

Another  set  of  laboratory  experiments  was  carried  out  in  order  to 
determine  if  a partially  filled  test  section  at  the  initial  stage  of  a 
test  would  have  any  effect  on  the  measured  flow  rates.  For  this  purpose 
the  FPT  probe  was  assembled  in  a cylindrical  transparent  acrylic  tube 
which  allowed  continuous  observation  of  the  sealed  test  section  in  any 
orientation.  A syringe  with  hypodermic  needle  was  then  used  to  introduce 
water  into  the  sealed  test  section  of  the  tube.  The  2-inch  test  section 
was  divided  into  6 levels  which  were  marked  on  the  acrylic  tube.  The  vol- 
umetric quantity  of  water  required  to  fill  the  test  section  to  each  pre- 
scribed level  was  measured  several  times  and  the  average  was  recorded  as 
shown  in  Table  4.2.  The  FPT  probe  was  then  assembled  in  a drilled  hole  in 
concrete  blocks.  For  each  test  run,  the  test  section  was  filled  up  with 
the  predetermined  volumetric  quantity  of  water  required  for  each  level. 
Regular  FPTs  were  then  performed,  and  the  initial  head  drop  of  the  water 
level  in  the  manometer  tube  was  measured  and  recorded  as  shown  in  Table 
4.3.  When  the  test  section  was  completely  filled  with  water,  the  water 
meniscus  in  the  manometer  tube  maintained  its  original  position  and  no 
drop  of  water  level  was  registered  at  the  initial  application  of  pressure, 
since  water  is  incompressible.  In  cases  where  the  test  section  was  not 
completely  filled  with  water,  the  initial  drop  of  water  level  in  the 
manometer  tube  corresponded  closely  to  the  quantity  of  water  required  to 
be  added  to  that  level  in  order  to  completely  fill  the  test  section  as  a 
comparison  of  the  volumetric  values  in  Tables  4.2  and  4.3  indicates.  It 
was  concluded  that,  since  the  FPT  set-up  was  a closed-system  and  no  leak- 
age occurred  during  a test,  the  initial  drop  of  water  level  was  a clear 
indication  that  the  test  section  was  not  completely  filled  with  water  at 
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Table  4.2  Volumetric  Quantity  of  Water  Required  to  Fill  the  Test  Section 


PORTION  OF  TEST  SECTION  FILLED 

MEASURED  VOLUME  OF  WATER  (cc) 

6/6 

13.2 

5/6 

10.9 

4/6 

8.8 

3/6 

6.5 

2/6 

4.3 

1/6 

2.3 

Table  4.3  Volume  of  Water  Corresponding  to  Initial  Head  Drop  in  Manometer 


BATCH/SPECIMEN 

PREDETERMINED 

INITIAL  HEAD 

CORRESPONDING 

No. 

LEVEL  OF  TEST 

DROP  IN  THE 

VOLUME  OF  WATER 

SECTION  FILLED 

MANOMETER  (in.) 

(cc) 

B100/SP3 

6/6 

NOT  REGISTERED 

N/R 

5/6 

31.25 

2.447 

4/6 

63.25 

4.953 

3/6 

86.75 

6.793 

2/6 

117.5 

9.200 

1/6 

145.0 

11.353 

B29/SP2 

6/6 

0.25 

0.019 

5/6 

25.625 

2.007 

3/6 

76.50 

5.99 

B29/SP3 

6/6 

N/R 

N/R 

4/6 

45.25 

3.543 

2/6 

99.75 

7.811 

1/6 

135.25 

10.591 
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Table  4.3--continued. 


BATCH/SPECIMEN 

No. 

PREDETERMINED 
LEVEL  OF  TEST 
SECTION  FILLED 

INITIAL  HEAD 
DROP  IN  THE 
MANOMETER  (in.) 

CORRESPONDING 
VOLUME  OF  WATER 
(cc) 

B31/SP1 

6/6 

N/R 

N/R 

5/6 

29.50 

2.310 

4/6 

61.75 

4.855 

3/6 

89.75 

7.028 

B35/SP1 

6/6 

N/R 

N/R 

5/6 

26.75 

2.095 

B36/SP1 

6/6 

N/R 

N/R 

5/6 

33.00 

2.584 

B36/SP2 

4/6 

57.75 

4.522 

3/6 

82.25 

6.441 

B42/SP2 

6/6 

0.5 

0.0391 

5/6 

28.5 

2.231 

4/6 

59.75 

4.678 

B44/SP1 

6/6 

N/R 

N/R 

5/6 

26.00 

2.036 

4/6 

54.25 

4.248 

B44/SP2 

6/6 

N/R 

N/R 

3/6 

87.75 

6.871 

B47/SP1 

6/6 

0.125 

0.0098 

1/6 

142.08 

11.125 

B48/SP1 

6/6 

N/R 

N/R 

5/6 

33.875 

2.653 

4/6 

56.25 

4.405 
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the  beginning  of  a test.  However,  it  was  observed  that  after  the  first 
few  minutes  (1-3  min.)  of  testing  and  the  initial  head  drop  in  the 
manometer  was  accounted  for,  the  flow  of  water  injected  into  the  concrete 
resumed  regular  rates.  Therefore,  in  case  that  the  application  of  a 
vacuum  happens  to  be  ineffective,  a recommended  practice  is  to  allow  the 
water  to  initially  fill  any  empty  portion  of  the  sealed  test  section,  and 
then  to  begin  the  flow  measurements  after  a regular  flow  is  achieved. 
Based  on  the  above  experimental  data,  it  can  be  concluded  that  a partially 
filled  test  section  at  the  initial  stage  of  the  test  should  not  have  any 
effect  on  the  obtained  final  flow  rates. 

4.1.6  Effect  of  Initial  Condition  of  Concrete 

Three  different  initial  conditions  of  the  test  sections  were  em- 
ployed in  this  study:  (I)  Dry,  (II)  Partially  Saturated,  and  (III)  Satu- 
rated. Since  the  flow  characteristics  of  oven-dried  and  air-dried  test 
specimens  produced  similar  results,  the  air-drying  method  was  adopted  in 
this  study  to  simplify  and  accelerate  the  test  procedure.  To  obtain  con- 
dition (I),  the  concrete  slab  was  left  to  dry  in  the  permeability  labora- 
tory for  at  least  one  week,  and  prior  to  testing,  the  test  section  was 
dried  with  a hand  held  hair  dryer.  Condition  (II)  was  achieved  by  filling 
the  test  section  with  water  for  24  hours  prior  to  testing.  Condition 
(III)  was  obtained  when  the  test  section  had  already  been  subjected  to  an 
FPT  within  the  last  24  hours.  A total  of  eight  concrete  test  blocks  were 
used  for  this  experimentation. 

Generally,  a higher  flow  rate  into  the  concrete  mass  was  obtained 
when  condition  (I)  was  used,  as  compared  to  (II)  and  (III).  This  is  shown 
in  Figure  4.2.  The  interesting  result  from  these  tests  was  that  compara- 
tive flow  rates  (i.e.,  relatively  constant  sloped  curves)  were  obtained  if 
the  test  section  was  either  pre-saturated  (condition  II),  or  pre-tested 
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Figure  4.2  Typical  FPT  Flows  Indicating  the  Effect  of  Initial  Condition  of  Concrete 
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(condition  III)  using  the  device  as  shown  in  Figure  4.2.  The  test  mea- 
surements obtained  from  these  experiments  are  summarized  in  Table  4.4. 
The  average  flows  were  computed  in  the  same  manner  as  previously  described 
in  section  4.1.4.  Comparison  of  test  measurements  obtained  from  condi- 
tions (I)  and  (III)  showed  a high  variation  ranging  from  about  63%  to  203% 
while  the  variation  between  conditions  (II)  and  (III)  ranged  between  0%  to 
about  58%.  This  indicates  that  the  initial  condition  of  concrete  has  a 
significant  effect  on  the  FPT  measurements.  Therefore,  a vacuum  pre- 
conditioning and  subsequent  pre-saturation  of  the  test  section  prior  to 
testing  is  recommended  in  case  the  concrete  to  be  tested  is  relatively 
dry. 

4.1.7  Effect  of  Applied  Test  Pressure 

According  to  Darcy's  law,  the  flow  of  water  through  a porous  medium 
is  directly  proportional  to  the  applied  pressure  head  when  all  other  pa- 
rameters remain  constant.  This  is  also  reflected  in  the  Packer/Lugeon 
equations  (Eq.  3.10A  and  3.10B)  used  in  the  developed  FPT  method.  In 
order  to  verify  that  the  experimental  results  obtained  using  the  FPT 
method  reflect  this  theoretical  relationship  the  effect  of  the  applied 
test  pressure  on  these  results  was  investigated. 

A series  of  FPTs  were  performed  over  several  days  on  a randomly 
selected  concrete  test  block  which  was  previously  saturated  in  a water 
container  for  a total  duration  of  11.5  months  in  the  laboratory.  This 
test  block  was  casted  on  4/5/88  from  concrete  batch  #32  prepared  in  the 
main  laboratory  testing  program.  The  mean  28-day  compressive  and  split- 
ting tensile  strengths  were  determined  to  be  7,058  psi  and  601  psi,  re- 
spectively, for  this  particular  concrete  mix  [31].  Repetitive  FPTs  were 
performed  at  various  levels  of  applied  test  pressure,  starting  at  100  psi 
and  progressing  to  higher  levels  in  increments  of  50  psi  until  the 
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concrete  block  was  fractured.  All  the  other  test  parameters  were  kept 
constant.  FPTs  were  performed  on  the  concrete  specimen  while  submerged  in 
water  for  safety  reasons  and  in  order  to  readily  detect  any  leakage.  The 
coefficient  of  permeability  was  determined  at  each  test  pressure  level 
using  Equation  3.10A.  The  obtained  experimental  values  are  summarized  in 
Table  4.5. 

As  it  is  indicated  in  Table  4.5,  the  concrete  test  block  failed 
(fractured)  at  an  applied  test  pressure  of  900  psi,  which  was  49.75% 
higher  than  the  28-day  mean  splitting  tensile  strength,  and  which  cor- 
responded to  12.75%  of  the  28-day  mean  compressive  strength  of  the  par- 
ticular concrete  mix  used  in  this  experimentation.  The  mean  coefficient 
of  permeability,  as  determined  by  the  FPT  method  at  the  range  of  applied 
test  pressure  between  100  psi  to  700  psi,  was  9.898E-12  cm/sec,  with  a 
sample  standard  deviation  of  0.85982E-12cm/sec  and  a coefficient  of  vari- 
ation (C.V.)  of  8.687%.  This  value  was  about  11.7%  higher  than  the  mean 
coefficient  of  permeability  of  8.86E-12  cm/sec  determined  from  cylindrical 
specimens  of  the  same  concrete  batch  tested  in  the  laboratory  permeameter 
[31].  A large  increase  in  flow  measurements  was  observed  at  test  pres- 
sures between  750  psi  to  850  psi  which  produced  a mean  coefficient  of  per- 
meability of  35.653E-12  cm/sec,  which  was  about  260%  higher  than  the  mean 
permeability  as  determined  from  FPTs  performed  within  the  100  psi  to  700 
psi  pressure  range.  Figure  4.3  is  a graphical  representation  of  the  test 
results  obtained  from  this  experimentation. 

As  can  be  seen  from  the  experimental  values  presented  in  Table  4.5 
and  Figure  4.3,  relatively  consistent  permeability  results  were  obtained 
using  the  FPT  apparatus  on  concrete  which  was  previously  saturated  for  a 
prolonged  period  of  time  and  which  was  tested  at  applied  pressures  as  high 
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Table  4.5  Coefficient  of  Permeability  Determined  at  Different  Applied 
Test  Pressure 


APPLIED  TEST  PRESSURE 
(psi) 

COEFFICIENT  OF  PERMEABILITY 
(x  E - 1 2 cm/sec) 

100 

7.65 

150 

10.25 

200 

9.95 

250 

9.87 

300 

10.56 

350 

9.67 

400 

9.28 

450 

10.79 

500 

9.95 

550 

9.16 

600  * (TENS I L E ) 

10.65 

650 

10.05 

700 

10.84 

750 

22.91 

800 

35.14 

850 

48.91 

900  (FAILURE) 
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Figure  4.3  Plot  of  Coefficient  of  Permeability  Determined  by  FPTs  Performed  at  Different  Applied  Test  Pressure 
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as  10%  of  its  28-day  mean  compressive  strength.  Therefore,  it  can  be  con- 
cluded that  the  applied  test  pressure  should  not  have  any  significant  ef- 
fect on  the  produced  FPT  results  provided  that  the  concrete  tested  is 
sound  and  no  leakage  occurs  during  the  test.  However,  since  at  this  point 
only  limited  data  have  been  obtained,  it  is  recommended  that  test  pres- 
sures be  kept  to  a minimum  level  adequate  to  produce  a measurable  flow 
during  an  FPT  run  in  order  to  avoid  the  risk  of  causing  any  internal 
cracking  to  the  concrete  tested. 

4.1.8  Flow  Characteristics  of  FPT  Under  Long-Term  Testing 

Test  data  had  previously  indicated  that,  if  the  test  concrete  is 
close  to  a saturated  condition,  the  coefficient  of  permeability  as  deter- 
mined by  the  FPT  method  would  correspond  closely  to  that  obtained  with  the 
laboratory  permeameter  [31].  Since  the  controlling  test  variable  to 
achieve  a saturated  condition  is  time,  the  flow  characteristics  of  the  FPT 
under  long-term  testing  were  examined. 

An  initially  oven-dried  concrete  test  block  made  from  batch  #36  was 
immersed  in  a water  bath  for  21  days  prior  to  testing  and  subsequently 
subjected  to  an  FPT.  The  coefficient  of  permeability  was  determined  from 
the  FPT  measurements  at  different  time  intervals  during  the  continuous 
testing  and  plotted  versus  the  elapsed  test  time  as  shown  in  Figure  4.4. 
As  expected,  the  measured  coefficient  of  permeability  was  observed  to 
change  with  time  until  a fully  saturated,  steady-state  flow  condition  was 
reached.  In  other  laboratory  experimentations  using  the  FPT,  a steady- 
state  flow  condition  was  usually  reached  within  approximately  2 hours  from 
the  commencement  of  an  FPT  when  concrete  test  blocks  which  were  previously 
saturated  in  water  for  a year  were  used.  For  the  particular  concrete 
specimen  tested  in  this  case,  it  took  approximately  11  days  to  reach  a 
steady-state  flow  at  an  applied  pressure  of  300  psi.  The  test  run  was 
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Figure  4.4  Plot  of  FPT  Results  Obtained  from  Long-Term  Laboratory  Testing 
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continued  for  an  additional  48  hours  after  the  steady-state  condition  to 
a total  of  13  days  in  order  to  assure  that  a steady-state  flow  region  was 
established  in  the  plot  of  permeability  versus  time.  The  coefficient  of 
permeability  finally  obtained  in  this  manner  was  approximately  34%  lower 
than  the  mean  coefficient  of  permeability  determined  by  testing  cylindri- 
cal specimens  obtained  from  the  same  concrete  batch  in  the  laboratory 
permeameter  [31],  as  indicated  in  Figure  4.4. 

4.1.9  Evaluation  of  Repeatability  of  the  FPT 

The  FPT  method  has  been  evaluated  for  its  repeatability  as  well  as 
its  reproducibility  in  a previous  research  study  [23,31].  From  the  ob- 
tained results,  which  had  a coefficient  of  variation  (C.V.)  ranging  from 
approximately  2 to  8 percent,  it  was  concluded  that  the  developed  FPT 
method  produced  results  with  acceptable  uniformity  and  demonstrated  ade- 
quate repeatability  for  the  purpose  of  the  study.  Repeatability  refers  to 
acceptable  uniformity  of  test  results  obtained  on  the  same  sample  by  the 
same  tester  (experimenter)  and  with  the  same  equipment.  Since  most  of  the 
variance  was  attributed  to  differences  in  moisture  content,  it  was  decided 
to  perform  an  evaluation  in  order  to  determine  if  a "within-test"  varia- 
tion would  have  any  significant  effect  on  the  repeatability  of  the  FPT. 
This  was  determined  as  follows: 

Repetitive  tests  on  concrete  blocks,  having  different  initial  con- 
dition of  the  concrete  material  (i.e.,  dry,  partially  saturated,  and  sat- 
urated), were  performed  using  the  FPT  method.  A total  of  three  15-minute 
sequential  tests  were  performed  for  each  condition.  After  the  first  set 
of  measurements  was  completed,  the  test  run  was  interrupted  by  closing  the 
test  pressure  valve,  removing,  refilling  and  connecting  the  test  tubing 
back  to  the  FPT  probe,  then  resetting  and  subsequently  resuming  regular 
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measurements  for  a second  test  run  while  the  test  device  (FPT  probe)  was 
still  assembled  in  the  test  section  of  the  concrete  specimen.  The  same 
sequence  of  steps  was  followed  with  the  important  difference  that  this 
time,  at  the  end  of  the  second  test  run,  the  device  was  dismantled  and  re- 
moved from  the  concrete  specimen;  the  test  section  was  flushed  clean  and 
refilled,  and  then  the  FPT  probe  was  assembled  back  into  the  test  section 
prior  to  the  resumption  of  the  third  sequence  of  test  measurements.  The 
purpose  of  this  testing  procedure  was  to  determine  whether  a simulated 
"within-test"  variation,  such  as  the  interruption  of  testing  and  the  re- 
moval of  the  device  from  the  test  section  between  sequential  test  runs, 
had  an  effect  on  the  repeatability  of  the  FPT.  The  cumulative  volume  of 
water  injected  into  the  concrete  material  versus  the  test  time  elapsed  was 
plotted  for  each  test  as  shown  in  Figures  4.5  and  4.6.  As  it  can  be  seen 
from  these  figures,  comparative  flow  responses  i.e,  curves  of  relatively 
constant  slopes,  were  obtained  whether  or  not  the  device  was  removed  from 
the  test  section  between  sequential  test  runs  (see  Test  #2  and  Test  #3 
curves).  Therefore,  it  was  concluded  that,  for  the  purpose  of  this  study, 
any  "within-test"  variation  had  no  significant  effect  on  the  repeatability 
of  the  FPT.  It  is  noticeable  that  for  the  same  test  time  elapsed,  a 
larger  cumulative  volume  of  water  was  injected  into  the  test  section  if 
the  concrete  material  was  initially  dry  as  opposed  to  partially  saturated, 
as  it  was  previously  explained  in  Section  4.1.6.  Flowever,  a closer  ex- 
amination of  Figures  4.5  and  4.6  reveals  that  the  respective  slopes  of  the 
curves  for  Test  #2  and  Test  #3  in  each  figure  correspond  closely  to  each 
other.  This  was  a typical  response  obtained  in  all  the  tests  performed 
during  this  evaluation.  Therefore,  it  can  be  inferred  that  a "within- 
test"  variation  of  this  nature  should  not  have  a significant  effect  on  the 
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Figure  4.5  Typical  Plot  Indicating  the  Repeatability  of  the  FPT  Method  When  the  Concrete  is  Dry 
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Figure  4.6  Typical  Plot  Indicating  the  Repeatability  of  the  FPT  Method  When  the  Concrete  is  Partially  Saturated 
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repeatability  of  the  results  produced  by  the  FPT  method  provided  that  all 
the  other  parameters  remain  constant. 

4.1.10  Correlation  Between  FPT  and  Lab  Permeability  Test  Results 

The  coefficients  of  permeability  as  determined  by  the  FPTs  on  con- 
crete test  blocks  were  compared  with  those  obtained  by  an  existing  lab- 
oratory permeability  test  method,  which  was  developed  by  Soongswang  et  al . 
and  had  been  shown  to  produce  reliable  results  [32].  In  this  laboratory 
test  method,  the  rate  of  flow  of  water  through  a cylindrical  concrete 
specimen  4 inches  in  diameter  and  2 inches  in  height  under  a pressure  of 
100  psi  is  used  to  determine  the  coefficient  of  permeability  by  a direct 
application  of  Darcy's  law.  The  laboratory  permeability  tests  were  run  on 
concrete  specimens  made  from  the  same  batches  of  concrete  for  the  concrete 
blocks,  and  moist-cured  for  28  days.  Figure  4.7  shows  the  plot  of  the 

average  coefficient  of  permeability  as  determined  by  the  FPTs,  KFpT, 
against  the  average  permeability  coefficients  as  determined  by  the  labora- 
tory method,  KLAB,  for  the  same  batches  of  concrete.  Analysis  of  test  re- 
sults indicated  that  the  values  of  the  coefficients  as  determined  by  the 
FPT  method  were  70%  higher  than  the  values  obtained  by  the  laboratory 
method  (KFPT/KLAB=1 .70)  for  the  respective  concrete  mixtures  tested  [23,31]. 
A correlation  analysis  between  the  results  of  the  FPT  and  laboratory  test 
was  performed  using  linear  regression.  The  results  of  the  regression 
analysis  were  as  follows: 

Kfpt  = 1.719  Klab-  0.2106  (4.1) 

7 


Number  of  Observations  = 
Standard  Error  of  the  Slope  = 


0.155793 
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Figure  4.7  Correlation  Between  the  Results  of  the  FPT  and  the  Lab- 
oratory Permeability  Test 
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A coefficient  of  determination  (R  ) of  0.96  was  obtained,  indicating  that 
the  relation  between  the  two  methods  is  highly  significant.  The  regres- 
sion equation  has  a slope  of  1.719,  as  shown  in  Figure  4.7.  The  rela- 
tively high  percent  difference  in  the  results  obtained  by  the  two  methods 
might  be  due  to  the  fact  that  the  concrete  blocks  tested  by  the  FPT  method 
were  partially  dry  while  the  cylindrical  specimens  tested  in  the  labora- 
tory permeameter  were  fully  saturated  prior  to  testing.  As  presented  ear- 
lier in  Section  4.1.6,  the  initial  condition  of  concrete  prior  to  testing 
has  a significant  effect  on  the  FPT  results.  In  addition,  the  specimen- 
to-specimen  differences  such  as  shape  and  size  might  have  had  an  effect  on 
the  test  results. 

The  empirical  correlation  between  the  experimental  values  obtained 
by  these  two  test  methods  was  further  examined  by  performing  FPTs  on  10 
additional  concrete  blocks  which  were  randomly  selected  from  the  same 
laboratory  produced  concrete  batches.  However,  the  difference  in  this 
series  was  that  the  concrete  blocks  tested  were  previously  saturated  by 
immersion  in  water  for  a total  duration  of  one  year,  and  subsequently 
tested  using  the  FPT  while  submerged  in  the  water.  The  results  from  these 
FPTs  are  presented  in  Table  4.6  along  with  the  permeability  values  as  de- 
termined by  the  laboratory  test  method  for  the  respective  concrete  batches 
and  specimens.  In  this  series  of  tests,  the  values  of  the  coefficients  as 
determined  by  the  FPT  method  were,  on  the  average,  28.7%  higher  than  the 
values  obtained  by  the  laboratory  method  (average  KFPT/KLAB  ratio  = 1.2867). 
Figure  4.8  shows  the  plot  of  the  coefficients  of  permeability  as  deter- 
mined by  the  FPTs,  KFPT,  against  the  permeability  coefficients  as  deter- 
mined by  the  laboratory  method,  KLAB,  for  the  same  batches  of  concrete. 
A correlation  analysis  of  the  results  presented  in  Table  4.6  was  performed 
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Table  4.6  Permeability  of  Concrete  Specimens  as  Determined  by  the  FPT  and 
Lab  Methods 


BATCH/SPECIMEN 

No. 

COEFFICIENT  OF  PERMEABILITY 
(xE-12  cm/sec) 

K(FPT)/K(LAB) 

RATIO 

FPT  METHOD 

LAB  METHOD 

B33/SP1 

12.185 

8.966 

1.359 

B33/SP2 

11.979 

10.109 

1.185 

B36/SP1 

13.410 

10.947 

1.225 

B36/SP2 

15.909 

12.903 

1.233 

B39/SP2 

24.497 

17.907 

1.368 

B40/SP1 

10.020 

7.798 

1.285 

B40/SP2 

9.102 

7.442 

1.223 

B48/SP2 

17.247 

11.506 

1.499 

B98/SP2 

4.523 

3.785 

1.195 

B100/SP1 

5.986 

4.623 

1.295 

K(FPT)  (xE-1 2 cm/sec) 
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A EXPERIMENTAL  VALUE 


Figure  4.8  Correlation  Between  the  Results  of  the  FPT  and  Lab- 
oratory Permeability  Test  When  Concrete  is  Saturated 
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using  linear  regression.  The  results  of  the  regression  analysis  were  as 
follows: 


KFpT  = 1.388283  Klab  - 0.83962 
R2  = 0.970005 

Number  of  Observations  = 10 

Standard  Error  of  the  Slope  = 0.086311 


(4.2) 


The  coefficient  of  determination  (R2)  was  improved  to  0.97  as  compared  to 
0.96  obtained  in  the  testing  of  the  partially  dry  concrete  blocks,  indi- 
cating that  a strong  positive  relation  exists  between  the  two  methods. 
The  regression  equation  has  a slope  of  1.388,  as  shown  in  Figure  4.8.  The 
discrepancies  in  the  results  obtained  by  the  two  methods  might  be  par- 
tially due  to  the  fact  that  the  concrete  blocks  tested  are  limited  in 
size,  while  the  analytical  equation  (Eq.  3.10A)  used  in  the  FPT  method 
assumes  that  the  concrete  is  infinite  in  dimension.  The  smaller  concrete 
size  might  produce  a higher  flow,  and  thus  a higher  computed  permeability 
coefficient.  In  consideration  of  the  high  variability  of  most  permeabil- 
ity test  results,  discrepancies  of  such  magnitude  in  permeability  coeffi- 
cient could  be  regarded  as  minimal.  The  closeness  of  the  FPT  results  to 
the  laboratory  permeability  test  results  indicated  that  the  FPT  method 
could  produce  fairly  consistent  and  reliable  test  results. 


4 . 2 Field  Experimentation 

The  performance  and  reliability  of  the  developed  FPT  apparatus  and 
method  were  evaluated  in  numerous  field  testing  operations  carried  out  on 
in-service  concrete  structures  throughout  Florida.  A total  of  thirteen 
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concrete  bridge  structures  have  been  tested  using  the  developed  FPT  appa- 
ratus. The  major  objectives  of  this  field  experimentation  were  (1)  to 
evaluate  the  performance  of  the  FPT  apparatus  under  actual  field  condi- 
tions as  a module  of  a portable  field  test  unit  for  the  determination  of 
in  situ  permeability  of  concrete,  and  (2)  to  interpret  the  test  results 
obtained  with  the  FPT  method  in  order  to  gain  important  information  on  the 
durability  of  the  concrete  structures  under  investigation.  Only  the  first 
objective  is  discussed  here.  The  second  objective  is  covered  in  Chapters 
5 and  6. 

FPTs  were  performed  on  structural  elements  of  bridge  substructures 
at  various  locations,  elevations,  and  orientations  based  on  needs  and  ac- 
cessibility of  test  locations.  Figure  4.9  shows  the  FPT  probe  installed 
on  a partially  submerged  pile  column  of  an  in-service  concrete  bridge  dur- 
ing actual  field  testing.  Flow  measurements  were  remotely  taken  by  means 
of  the  FPT  instrumentation  unit  which  was  carried  on  and  operated  from  a 
boat  as  shown  in  Figure  4.10.  The  FPTs  were  conducted  by  one  person  plus 
an  assistant,  and  test  measurements  were  completed  usually  within  two 
hours  from  the  commencement  of  the  actual  test  run.  The  entire  FPT  opera- 
tion including  coring,  pre-conditioning,  testing,  and  patching  of  concrete 
was  completed  within  approximately  two  to  three  hours. 

The  FPT  apparatus  demonstrated  satisfactory  performance,  and  no 
major  problems  were  encountered  during  the  setting,  operation,  or  dis- 
mantling of  the  FPT  apparatus  in  any  of  the  field  installations.  The 
portable  FPT  unit  proved  to  be  a simple  and  efficient  measuring  system 
which  could  be  used  for  a convenient  and  rapid  determination  of  the  in 
situ  water  permeability  of  structural  concrete.  The  visual  and  structural 
damage  caused  to  the  concrete  was  minimal,  and  repeated  tests  could  be 
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Figure  4.9  Picture  Showing  the  FPT  Probe  Installed  on  a Pile  Column 
of  a Concrete  Bridge 
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Figure  4.10  Picture  Showing  the  Use  of  the  FPT  Instrumentation  Unit 
in  an  On-Going  Test 
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performed  in  the  same  section.  Thus  the  obtained  results  can  be  readily 
verified  at  the  test  site.  The  pre-conditioning  and  pre-saturation  tech- 
nique employed  in  the  testing  procedure  proved  to  be  effective  in  off- 
setting any  possible  effects  on  the  test  measurements  due  to  moisture, 
absorption,  or  capillary  action.  Thus,  more  consistent  results  were  ob- 
tained. These  results  were  further  used  to  evaluate  the  durability  of  the 
structural  concrete  under  investigation.  The  test  results  from  the  above 
field  operations  as  well  as  the  durability  evaluation  of  the  tested  con- 
cretes are  presented  in  Chapter  5. 

4.3  Conclusions  on  the  Development  of  the  FPT 
4.3.1  General 

In  the  development  of  a portable,  quasi  nondestructive  device  to 
measure  the  in  situ  permeability  of  in-service  concrete,  several  different 
designs  were  attempted,  and  a number  of  devices  were  constructed  and  eval- 
uated until  the  current  prototype  was  finally  adopted.  After  months  of 
experimentation,  an  effective  design  was  achieved,  and  a suitable  FPT  ap- 
paratus, which  satisfies  all  the  design  requirements  set  forth  in  this 
study,  was  fabricated.  The  developed  FPT  apparatus  relies  on  the  accel- 
erated radial  flow  of  water  into  the  concrete  under  an  externally  applied 
high  pressure. 

The  further  refinement  and  modification  to  the  original  FPT  probe 
provided  a more  simplified  set-up  and  dismantling  of  the  apparatus  and, 
thus,  an  improved  overall  design  of  the  device  was  achieved.  The  final- 
ized FPT  apparatus  consists  of  two  main  units  namely,  the  FPT  probe  which 
is  the  actual  device  inserted  into  the  test  hole  and  which  injects  pres- 
surized water  into  the  concrete  mass,  and  the  FPT  instrumentation  unit 
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which  provides  the  central  control  and  the  monitoring  during  a field  per- 
meability test  run.  The  FPT  apparatus  is  simple  and  easy  to  use,  and  is 
accompanied  by  an  illustrated  user's  manual  which  includes  operating  in- 
structions and  a step-by-step  testing  procedure. 

The  developed  FPT  apparatus  was  evaluated  both  in  the  laboratory  as 
well  as  in  the  field  under  actual  in  situ  conditions  and  demonstrated  sat- 
isfactory performance  characteristics.  It  can  be  concluded  that  the  FPT 
apparatus  and  method  can  provide  an  effective  measuring  system  for  the 
determination  of  in  situ  permeability  of  structural  concrete.  Since  the 
double-packer  configuration  of  the  sealing  mechanism  of  the  FPT  probe 
operates  satisfactorily  for  even  prolonged  periods  of  operation,  the  FPT 
apparatus  can  also  be  effectively  used  as  a long-term  testing  device  of 
structural  concrete  in  the  laboratory. 

4.3.2  FPT  Method 

The  developed  FPT  method  is  efficient  and  simple,  and  does  not  re- 
quire any  complicated  calculations  or  the  use  of  any  sophisticated  statis- 
tical approach.  Once  the  rate  of  flow  of  water  injected  into  the  concrete 
tested  is  established,  a coefficient  of  permeability  can  easily  be  deter- 
mined by  using  the  Packer/Lugeon  equations.  The  given  equations  were  fur- 
ther simplified  by  incorporating  the  terms  into  a constant  factor  which  is 
used  to  directly  obtain  the  coefficient  in  standard  units.  This  simplifi- 
cation along  with  the  proper  reduction  of  test  data  can  produce  the  desir- 
able results  rapidly.  The  FPT  method  produces  results  with  acceptable 
uniformity  and  adequate  repeatabil ity  for  the  purpose  of  this  study.  The 
use  of  computer  is  not  required  with  the  FPT  but  is  recommended  only  in 
case  that  an  optional  graphical  representation  of  the  obtained  test  re- 
sults is  desired.  All  the  constants  and  conversion  factors  are  provided 
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for  a rapid  determination  of  the  in  situ  permeability  of  structural  con- 
crete. 

4.3.3  Analytical  Solution 

In  order  to  verify  the  validity  of  the  Packer/Lugeon  equations  used 
in  the  FPT  method  an  analytical  solution  to  the  flow  phenomenon  encoun- 
tered in  the  FPT  was  obtained.  The  flow  problem  was  examined  from  the 
macroscopic  point  of  view  and  was  based  on  the  continuum  approach  in  which 
no  attention  is  paid  to  the  pores  or  pore  structure  of  the  concrete.  The 
three-dimensional,  spherical  flow  model  employed  in  this  study  provided 
the  proper  analytical  solution  which  constituted  the  mathematical  deriva- 
tion of  the  Packer/Lugeon  equations  thus  verifying  the  validity  of  the  FPT 
method. 

4.3.4  Effect  of  Test  Variables 

The  initial  condition  of  the  test  section,  i.e.,  the  moisture  con- 
tent or  degree  of  saturation  of  the  concrete  material  prior  to  testing, 
has  a significant  effect  on  the  test  results  obtained  during  an  FPT  run. 
Generally,  a higher  flow  rate  of  water  into  the  concrete  mass  is  obtained 
when  the  material  is  dry.  More  consistent  and  uniform  results  are  ob- 
tained when  the  concrete  is  partially  or  fully  saturated.  Therefore,  a 
vacuum  pre-conditioning  and  subsequent  pre-saturation  of  the  test  section 
prior  to  testing  is  recommended  in  case  the  concrete  to  be  tested  is  rela- 
tively dry.  The  recommended  test  procedure  is  to  allow  the  water  to  flow 
into  the  concrete  for  approximately  30  minutes,  and  then  to  begin  regular 
flow  measurements. 

It  has  been  established  that  test  variables  such  as  test  orienta- 
tion, partially  filled  test  section,  and  removal  of  the  test  device  be- 
tween sequential  or  repetitive  test  runs  should  not  have  any  significant 
effect  on  the  final  flow  measurements  obtained  during  an  FPT. 


CHAPTER  5 

TESTING  AND  EVALUATION  OF  IN-SERVICE  MARINE  STRUCTURES 


5.1  Selected  Concrete  Bridge  Structures 

In-service  marine  concrete  structures,  mainly  bridges  that  are  lo- 
cated at  or  near  the  coastal  regions  of  Florida,  are  classified  as  being 
exposed  to  extremely  aggressive  or  highly  corrosive  environments  and  thus 
were  targeted  for  testing  for  a "worst  case  scenario".  The  selection  of 
these  structures  was  primarily  based  on  current  needs  and  accessibility  of 
the  test  site.  An  attempt  was  made  to  test  a variety  of  bridge  types 
ranging  from  high  profile  monumental  bridge  structures  to  small  highway 
bridges.  This  offered  the  opportunity  of  testing  and  evaluating  concrete 
bridge  structures  having  different  age,  design,  function,  materials,  and 
construction.  Based  on  the  scope  and  objectives  set  forth  in  this  re- 
search study,  and  within  the  time  and  budget  constraints,  the  following 
thirteen  concrete  bridge  structures  were  selected  and  tested: 

(1)  Seven-Mile  Bridge,  Florida  Keys 

(2)  Long  Key  Bridge,  Florida  Keys 

(3)  Bahia  Honda-Southbound  Bridge,  Florida  Keys 

(4)  Bahia  Honda-Northbound  Bridge,  Florida  Keys 

(5)  Spanish  Harbor  Bridge,  Florida  Keys 

(6)  Niles  Channel  Bridge,  Florida  Keys 

(7)  Niles  Channel  Old  Bridge,  Florida  Keys 

(8)  B.  B.  McCormick  Bridge,  Jacksonville,  Florida 
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(9)  SR- 206  Bridge,  Crescent  Beach,  Florida 

(10)  Seabreeze  Causeway  Bridge,  Daytona,  Florida 

(11)  Broward  River  (SR- 105)  Bridge,  Jacksonville,  Florida 

(12)  Horse  Creek  Bridge,  Melbourne,  Florida 

(13)  Horse  Creek  Old  Bridge,  Melbourne,  Florida 

Six  of  these  bridge  structures  are  located  at  the  Florida  Atlantic  Intra- 
coastal Waterway  (FAIW)  while  the  other  seven  bridges  are  located  at  the 
Florida  Keys  region  as  indicated  in  the  above  list.  The  substructures  of 
the  above  bridges,  with  the  exception  of  Spanish  Harbor  Bridge,  are  shown 
in  Figures  5.1  through  5.10.  The  majority  of  these  bridges  were  designed 

for  a service  life  of  50  years  while  the  Seven-Mile  and  the  Long  Key 

bridges  were  designed  for  75  years.  The  Seven-Mile  Bridge  was  completed 
in  October,  1982  after  three  years  of  construction  at  a total  cost  of 
$45,820,469.  As  can  be  seen  from  Figure  5.1,  this  is  a box-girder  type, 
multiple  span,  high  profile,  monumental  bridge  structure  spanning  a total 

of  seven  miles  over  deep  ocean  waters.  It  is  interesting  to  note  that  the 

same  amount  of  time  of  construction  was  required  to  complete  the  much 
shorter  bridge  structure  of  Long  Key  in  October,  1982  at  a total  cost  of 
$15,097,276.  This  also  is  a high  profile,  box-girder  type  bridge,  but  its 
substructure  design  is  characterized  by  its  V-shaped  piers.  A structure 
which  has  the  same  design  as  the  Seven-Mile  Bridge,  but  is  of  much  smaller 
scale,  is  the  Niles  Channel  Bridge  which  was  completed  within  two  years  in 
April,  1983  at  a total  cost  of  $8,948,575.  This  is  the  youngest  structure 
of  the  concrete  bridges  selected  for  testing  and  evaluation  in  this  study. 

A concrete  class  IV  specified  to  have  a maximum  allowable  water/ce- 
ment ratio  of  0.41,  and  epoxy-coated  reinforcing  steel  bars  were  used  in 
the  construction  of  the  Seven-Mile,  Long  Key,  and  Niles  Channel  bridges. 
Cathodic  protection  (CP)  systems  have  been  installed  on  a total  of  20  pile 
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Figure  5.1  Picture  Showing  the  Substructure  of  the  Seven  Mile 
Bridge 
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Figure  5.2  Picture  Showing  the  Substructure  of  Long  Key  Bridge 


Figure  5.3  Picture  Showing  the  Substructure  of  Bahia  Honda 
Southbound  (Right)  and  Northbound  (Left)  Bridges 
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Figure  5.4  Picture  Showing  the  Substructure  of  Niles  Channel  Old 
(Right)  and  New  (Left)  Bridges 


Figure  5.5  Picture  Showing  the  Substructure  of  B.  B.  McCormick  Bridge 
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Figure  5.6  Picture  Showing  the  Substructure  of  SR-206  Bridge 


Figure  5.7  Picture  Showing  the  Substructure  of  Seabreeze  Causeway  Bridge 
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Figure  5.8  Picture  Showing  the  Substructure  of  the  Broward  River  Bridge 


Figure  5.9  Picture  Showing  the  Substructure  of  Horse  Creek  Bridge 
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Figure  5.10  Picture  Showing  the  Substructure  of  the  Old  Horse  Creek 
Bridge 
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columns  of  the  B.  B.  McCormick  Bridge,  and  on  the  east-end  pile  caps 
(footers)  of  the  SR- 206  bridge.  Conductive  coating  has  been  applied  to  60 
piles  and  conductive  concrete  applied  to  10  piles  of  the  Seabreeze  Cause- 
way Bridge  while  conductive  coating  has  been  applied  to  the  underdecking 
beams  and  end-walls  of  the  Horse  Creek  Bridge  and  to  approximately  45 
piles  of  the  Broward  River  Bridge. 

The  installation  of  these  CP  systems,  with  the  exception  of  that  in- 
stalled on  the  Broward  River  Bridge,  was  a part  of  a demonstration  project 
partially  funded  by  the  FHWA  at  a total  budget  of  about  $175,000.  Once 
the  project  began,  it  was  found  that  most  of  the  piling  of  the  Seabreeze 
Causeway  Bridge  required  considerable  repairs  of  spalled  concrete.  In- 
stallation of  conduit  and  wiring  proved  to  be  extremely  labor  intensive 
and  required  a multitude  of  support  services  and  equipment  to  access  the 
higher  elevations  of  the  bridge.  From  the  monitoring  and  evaluation  that 
followed,  it  was  concluded  that  the  impressed  current  CP  system  using  con- 
ductive mastic  or  conductive  concrete  was  effective  only  in  areas  of  the 
substructure  that  were  not  located  near  or  within  the  tidal  zone  due  to 
the  fact  that  chloride  accumulation  and  crystallization  at  the  concrete- 
coating interface  in  this  zone  significantly  increased  the  resistance  in 
the  circuit  thereby  restricting  the  current  flow  which  in  turn  reduced  the 
effectiveness  of  the  system.  Total  disbondment  of  the  protective  coating 
occurred  in  several  cases  resulting  in  loss  of  the  system.  As  the  lower 
portion  of  the  coated  area  became  saturated  with  seawater  due  to  either 
splash  or  abnormally  high  tide  levels,  a higher  current  density  at  the 
base  (over  protection)  and  a loss  of  cathodic  protection  potentials  in  the 
upper  areas  of  the  coated  surfaces  took  place.  On  the  other  hand,  conduc- 
tive materials  had  to  be  placed  as  close  to  the  high  tide  level  as 
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possible  in  order  to  provide  protection  current  to  the  steel  reinforcement 
below  the  water  level  during  the  tide  cycle.  The  precast  panels  at  Horse 
Creek  Bridge  experience  a tidal  change  of  less  than  one  foot.  This  of- 
fered a more  favorable  condition  and  less  severe  current  distribution 
problem  due  to  the  fact  that  the  concrete  surface  between  the  coating  and 
the  low  tide  level  remained  wet.  The  Seabreeze  Causeway  Bridge  is  sub- 
jected to  a tidal  variation  of  about  2.5  to  3 feet.  The  piles  are  exposed 
to  almost  constant  wind  and  direct  sunlight.  This  condition  permits  the 
area  on  the  pile  between  the  conductive  concrete  jacket  and  the  receding 
water  level  to  become  dry.  As  this  occurs,  the  resulting  decrease  in 
electrical  conductivity  significantly  diminishes  the  ability  to  provide 
cathodic  protection  to  the  steel  in  the  dryer  area  as  well  as  the  area 
below  the  water  level.  Although  disbondment  of  the  conductive  concrete  on 
piling  at  the  Seabreeze  Bridge  was  not  observed,  this  system  experienced 
the  same  current  distribution  problems  as  the  conductive  coating. 

Figures  5.11  through  5.17  are  pictures  showing  the  extent  and  sever- 
ity of  concrete  deterioration  of  the  in-service  concrete  bridge  structures 
selected  for  testing  and  evaluation  in  this  study.  Figures  5.11  through 
5.13  are  pictures  of  deteriorated  piles  of  the  Broward  River  Bridge  sub- 
structure located  at  the  FAIW  in  Jacksonville,  Florida.  It  is  interesting 
to  note  that,  although  these  structural  elements  have  been  exposed  to  the 
same  environmental  conditions  (chemical  and  physical)  for  years,  they  have 
exhibited  several  types  of  concrete  deterioration  with  different  patterns 
of  distress.  Excessive  carbonation  and  general  decomposition  of  the  con- 
crete material  are  the  main  causes  of  the  concrete  deterioration  shown  in 
Figure  5.11.  Physical  abrasion  due  to  wave  action  may  have  contributed  to 
some  extent  to  the  concrete  deterioration  which  is  demonstrated  in  this 
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Figure  5.11  Picture  Showing  Concrete  Deterioration  in  a Pile  (Broward  River  Bridge,  Jacksonville) 
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Figure  5.12  Picture  Showing  Concrete  Cracking  due  to  Steel  Corrosion  in  a Previously  Repaired  (Patched) 
Pile  (Broward  River  Bridge, Jacksonville) 
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Figure  5.13  Picture  Showing  Extensive  Vertical  Cracking  due  to  Steel 
Corrosion  in  a Pile  (Broward  River  Bridge,  Jacksonville) 
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Figure  5.14  Picture  Showing  Cracking  of  Concrete  and  Visible  Corrosion  Products  in  a Pile 
(B.  B.  McCormick  Bridge,  Jacksonville) 
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Figure  5.15  Picture  Showing  Excessive  Vertical  Cracking  and  Spalling  of 
Concrete  in  a Pile  (B.  B.  McCormick  Bridge,  Jacksonville) 
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Figure  5.16  Picture  Showing  Visible  Steel  Corrosion  and  Spalling  of  Con- 
crete Cover  in  a Pile  Cap  (Seven-Mile  Bridge,  Florida  Keys) 
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Figure  5.17  Picture  Showing  Excessive  Steel  Corrosion  and  Extensive  Con- 
crete Spalling  in  a Pier  (Seven-Mile  Bridge,  Florida  Keys) 


106 


case  by  the  typical  "hourglass"  shape  of  the  pile  at  the  mean  water  level 
in  the  tidal  zone.  Concrete  cracking  due  to  corrosion  of  the  embedded 
steel  reinforcement  and  subsequent  spalling  of  concrete  cover  is  another 
type  of  concrete  deterioration  which  is  shown  in  Figure  5.12.  Although 
the  pile  shown  in  this  figure  was  previously  repaired  (patched),  cracking 
and  spalling  of  concrete  cover  continue  to  be  the  problem  possibly  due  to 
inadequate  treatment  of  an  internally  active  corrosion  region.  Figure 
5.13  shows  extensive  vertical  cracking  of  concrete  due  to  steel  corrosion. 
This  is  a different  pattern  of  concrete  distress  which  is  usually  demon- 
strated in  the  form  of  continuous  vertical  cracking  running  parallel  to 
and  a few  inches  from  the  edge  of  the  pile  and  extending  several  feet 
above  the  high-tide  level  into  the  splash  zone  (also  see  Figure  5.15). 
The  tidal  zone,  defined  as  the  region  between  the  low  and  high-tide 
levels,  is  easily  identified  by  the  existence  of  various  formations  of 
marine  organisms  extending  up  to  the  high-tide  level  above  which  the 
splash  zone  begins. 

Figures  5.14  and  5.15  are  pictures  of  severely  deteriorated  piles  of 
the  B.  B.  McCormick  Bridge  substructure  also  located  at  the  FAIW  in  Jack- 
sonville, Florida.  The  type  of  concrete  deterioration  encountered  in 
these  structural  elements  is  the  same  as  the  one  demonstrated  in  Figure 
5.13.  However,  the  extent  of  deterioration  is  much  more  severe  in  this 
case,  and  corrosion  of  the  embedded  steel  reinforcement  is  at  an  advanced 
state.  Figure  5.14  depicts  the  formation  of  corrosion  products  that  per- 
colated through  vertical  cracks  to  the  surface  of  the  concrete  and  which 
are  visible  by  the  naked  eyes.  At  such  an  advanced  state,  these  corrosion 
products  exert  large  tensile  forces  which  cause  more  cracking  and  subse- 
quent spalling  of  the  concrete  cover  as  shown  in  Figure  5.15.  It  should 
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be  noted  that  the  steel  reinforcement  in  the  concrete  pile  shown  in  this 
figure  could  readily  be  seen  through  the  gap  created  in  the  material  due 
to  localized  loss  of  concrete  cover. 

The  extent  and  severity  of  concrete  deterioration  of  in-service 
bridge  structures  in  Florida  are  dramatically  manifested  in  Figures  5.16 
and  5.17.  These  are  pictures  of  massive  structural  elements  of  the  Seven- 
Mile  Bridge  substructure  located  in  the  Florida  Keys  region  which  is  con- 
sidered to  be  an  extremely  aggressive  (highly  corrosive)  environment. 
Corrosion  of  the  embedded  steel  reinforcement  in  this  case  is  at  the  most 
advanced  state  where  decomposition  of  the  material  and  disbondment  from 
the  surrounding  concrete  is  accompanied  by  a complete  loss  of  concrete 
cover  which,  in  turn,  can  lead  to  severe  structural  damage.  Figure  5.16 
is  a picture  showing  the  leaching  of  corrosion  products  and  loss  of  con- 
crete cover  in  a pier/pile  cap.  Figure  5.17  also  demonstrates  this  type 
and  degree  of  concrete  deterioration  which,  in  this  particular  pier,  ex- 
tends over  an  area  of  approximately  15  square  feet  of  concrete  and  up  to 
a height  of  about  9 feet  above  the  tidal  zone.  This  is  contrary  to  the 
general  belief  that  the  most  severe  deterioration  is  likely  to  take  place 
in  the  tidal  zone  because  there  the  concrete  is  exposed  to  all  kinds  of 
physical  and  chemical  attacks.  As  demonstrated  in  Figures  5.11  through 
5.17,  concrete  deterioration  due  to  corrosion  or  other  chemical  and  phys- 
ical attacks  is  not  a phenomenon  which  is  only  encountered  in  the  tidal 
zone  and  can  readily  be  repaired  or  treated  locally  but  is  a more  exten- 
sive problem  with  a potential  of  causing  severe  structural  damage. 
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5.2  Field  Testing  Program 

5.2.1  Field  Operations 

The  field  operations  were  arranged  according  to  the  FDOT  field 
testing  schedule,  and  performed  in  cooperation  with  the  Corrosion  Research 
Laboratory  personnel  of  the  Materials  Office  which  provided  the  necessary 
assistance,  equipment,  and  safety  measures  as  needed.  In  situ  permeabil- 
ity tests  were  performed  on  the  selected  concrete  bridges  using  the  de- 
veloped FPT  apparatus.  FPTs  were  performed  on  structural  elements  such  as 
partially  submerged  piling,  pile  columns,  piers,  pile  caps,  footers, 
bascules,  etc.,  at  various  locations,  elevations,  and  orientations.  The 
majority  of  the  structural  elements  tested  were  part  of  the  substructure 
of  these  concrete  bridges  and  they  were  only  accessible  by  water.  There- 
fore, the  flow  measurements  for  the  in  situ  permeability  tests  were  re- 
motely taken  by  means  of  the  FPT  instrumentation  unit  which  was  carried  on 
and  operated  from  a boat.  The  rest  of  the  field  operations  were  performed 
from  a specially  designed  work  boat,  provided  and  operated  by  the  FDOT 
field  crew,  which  was  appropriately  equipped  to  carry  out  such  operations. 
For  each  FPT  installation  the  following  field  operations  were  performed: 

(1)  Site  selection:  the  selection  of  the  test  site  and  structural  ele- 

ment to  be  tested  was  primarily  based  on  current  needs,  condition  of 
the  site  concrete  as  determined  from  previous  field  inspection  and 
evaluation  data,  and  accessibility  of  test  location. 

(2)  Preparation  of  test  location:  in  case  the  test  location  on  the 

selected  structural  element  was  within  the  tidal  or  splash  zones  the 
concrete  surface  was  cleaned  from  any  marine  organisms  or  other  sur- 
face irregularities  as  shown  in  Figure  5.18.  The  test  location  was 
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Figure  5.18  Picture  Showing  the  Preparation  of  a Test  Location 
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then  appropriately  marked  for  subsequent  testing  and  recorded  on  the 
FPT  data  sheet. 

(3)  Location  of  rebars:  a standard  portable  rebar-locator  device  was 

used  to  determine  the  clear  concrete  cover  and  the  size  and  location 
of  the  steel  reinforcement  with  respect  to  the  selected  test  loca- 
tion. This  operation  was  important  in  order  to  avoid  causing  any 
damage  to  the  drilling  equipment,  altering  the  structural  integrity 
of  the  tested  concrete  element,  and  ensuring  that  no  discontinuity 
was  present  in  the  FPT  flow  region. 

(4)  Coring  of  test  holes:  the  7/8-inch  diameter,  6-inch  deep  test  holes 

were  drilled  at  the  selected  test  locations  by  means  of  a portable 
core  drilling  rig  utilizing  a diamond-dressed  core  bit  and  a contin- 
uous supply  of  pressurized  water.  The  drilling  rig  could  readily  be 
fastened  perpendicularly  on  the  concrete  surface  thus  allowing  the 
drilling  of  a test  hole  at  any  orientation  and  elevation  as  shown  in 
Figure  5.19. 

(5)  Extraction  of  cored  samples:  samples  of  the  site  concrete  tested 
with  the  FPT  apparatus  were  obtained  using  the  above-mentioned 
coring  equipment  in  order  to  be  used  in  the  laboratory  for  further 
testing  and  evaluation  of  the  concrete  material.  Concrete  cores, 
1.75  inches  in  actual  diameter  and  minimum  3 inches  in  length,  were 
extracted  from  locations  on  structural  elements  which  were  as  close 
as  possible  to  the  test  sections  tested  by  the  FPT  in  order  to  ob- 
tain comparative  samples  of  the  concrete  material.  In  case  slender 
structural  elements,  as  the  one  shown  in  Figure  5.20,  were  tested 
the  maximum  distance  of  a cored  sample  from  the  FPT  hole  was  12 
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Figure  5.19  Picture  Showing  the  Coring  of  a Test  Hole 
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Figure  5.20  Picture  Showing  the  Location  of  Extracted  Cored  Concrete 
Sample  with  Respect  to  the  Test  Hole 
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inches.  From  massive  structural  elements  such  as  bascules,  concrete 
cores  of  up  to  8 inches  in  height  were  extracted  from  locations 
within  6 inches  from  the  FPT  hole.  These  cored  concrete  samples 
were  further  prepared  in  the  laboratory  and  used  for  the  determina- 
tion of  chloride-ion  permeability  of  concrete  according  to  the  stan- 
dard method  AASHTO  T277-83  previously  described  in  Section  2.4. 

(6)  Determination  of  moisture  content:  the  moisture  content  of  the  in 

situ  concrete  was  determined  before  any  actual  testing  was  performed 
by  means  of  a portable  (battery  operated),  nondestructive  moisture 
meter.  The  device  used  was  entirely  electronic  with  a digital  dis- 
play, utilizing  the  latest  silicon  chip  technology  to  measure  the 
quantity  of  water  within  its  electromagnetic  field  extending  several 
inches  deep  into  the  concrete  material.  This  particular  moisture 
meter  was  calibrated  by  the  manufacturer  to  indicate  the  relative 
moisture  content  in  percentage,  ranging  from  0%  to  20%,  with  the 
lower  limit  indicating  an  oven-dry  condition  and  the  upper  limit 
corresponding  to  a fully  saturated  (100%)  condition.  Since  no  pre- 
cision statement  was  provided  by  the  manufacturer  and  the  accuracy 
of  this  meter  could  not  readily  be  established,  this  device  was  used 
for  the  measure  of  relative  in  situ  moisture  and  only  for  compara- 
tive purposes.  In  case  the  meter  indicated  that  the  in  situ  con- 
crete was  relatively  dry,  a vacuum  pre-conditioning  and  subsequent 
pre-saturation  of  the  test  section  prior  to  testing  were  applied  as 
described  in  Section  3.7  and  in  Appendix  A.  Relative  moisture 
readings  at  the  four  diagonal  points  around  the  test  hole  were 
taken,  as  shown  in  Figure  5.21,  before  and  after  each  FPT  run,  and 
recorded  along  with  the  average  value  on  the  FPT  data  sheet. 
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Figure  5.21  Picture  Showing  the  Measurement  of  In  Situ  Moisture 
Content  of  Concrete 
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(7)  Performance  of  FPTs:  FPTs  were  performed  on  the  selected  concrete 

bridges  at  the  prepared  test  locations  according  to  the  testing  and 
operating  procedures  described  in  Section  3.7  and  in  Appendix  A. 
Retesting  of  the  same  test  hole  was  applied  in  case  this  was  deemed 
essential  in  clearly  establishing  the  reliability  of  the  obtained 
test  results.  Therefore,  repetitive  FPT  runs  were  performed  in  a 
number  of  field  installations. 

(8)  Patching  of  concrete  holes:  patching  of  the  FPT  holes  as  well  as 

the  1.75-inch-diameter  cored  holes  was  applied  immediately  following 
the  completion  of  all  the  necessary  testing  on  the  selected  struc- 
tural elements.  An  appropriate  mix  of  sand,  cement,  water  and,  in 
some  cases,  fast-curing  epoxy  was  applied  in  the  holes  and  the  sur- 
face of  the  concrete  was  properly  finished. 

5.2.2  Field  Permeability  Test  Results 

The  FPT  measurements  obtained  from  the  above  field  testing  opera- 
tions performed  on  the  selected  concrete  bridges  were  analyzed  according 
to  the  procedure  described  in  Section  3.8.  The  coefficient  of  permeabil- 
ity of  concrete  was  determined  for  each  test  section  tested  by  means  of 
Equation  3.10A.  The  FPT  results,  along  with  all  other  pertinent  data  ob- 
tained from  the  field,  are  summarized  in  Table  5.1. 

Some  difficulty  was  encountered  in  determining  the  relative  moisture 
content  of  the  in  situ  concrete  under  the  existing  site  conditions.  It 
appeared  that  ambient  conditions  such  as  temperature  and  humidity  as  well 
as  surface  irregularities  of  the  tested  concrete  had  a significant  effect 
on  the  moisture  measurements  at  each  point,  as  manifested  by  the  high 
fluctuations  in  the  readings  displayed  by  the  moisture  meter  used.  Al- 
though the  readings  obtained  with  this  device  should  be  interpreted  with 


Table  5.1  Summary  of  Results  Obtained  from  FPTs  Performed  on  In-Service  Concrete  Bridge  Structures 
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Table  5. 1- -continued. 
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Table  5. l--continued. 
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Table  5. l--continued. 
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(R)  = Indicates  re-testing  of  test  section 
(N/A)  = Data  not  available 
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caution,  the  average  measurements  of  the  relative  moisture  content  of  the 
in  situ  concrete  showed  a definite  increase  in  water  content  during  each 
test  run,  as  demonstrated  by  the  data  in  Table  5.1,  indicating  that  the 
developed  FPT  probe  was  able  to  properly  inject  water  radially  into  the 
surrounding  concrete  mass. 

Repetitive  FPTs  performed  at  the  same  test  section  on  different 
types  of  structural  elements  produced  permeability  coefficients  having 
maximum  percent  difference  ranging  from  about  3%  to  28%,  as  the  data  in 
Table  5.2  show.  The  results  obtained  from  these  replicate  tests  indicated 
that  the  FPT  method  demonstrated  acceptable  repeatability  under  actual 
field  conditions.  However,  very  high  discrepancies  were  observed  between 
the  mean  coefficients  of  permeability  obtained  from  FPTs  performed  at  dif- 
ferent test  locations  on  structural  elements  having  the  same  design  and/or 
concrete  type.  As  can  be  seen  from  Table  5.3,  the  maximum  percent  differ- 
ence in  such  cases  ranged  between  about  5%  to  684%.  It  is  interesting  to 
note  that  the  highest  variation  among  permeability  coefficients  of  same 
class  concrete  was  obtained  from  FPTs  performed  at  three  different  test 
sections  on  a girder  at  SR206  - Crescent  Beach  bridge  which  was  built  in 
1975.  From  the  total  of  57  individual  FPTs  run  on  the  13  selected  con- 
crete bridges,  the  lowest  registered  value  of  permeability  coefficient, 
O.iI-9  cm/sec,  was  the  one  obtained  from  a test  section  on  a V-pier  cap  of 
Pier  #103  at  the  Long  Key  bridge.  Overall,  the  permeability  coefficients 
of  the  tested  site  concretes  were,  on  the  average,  two  to  four  orders  of 
magnitude  higher  than  the  coefficients  obtained  from  FPTs  performed  on 
laboratory  prepared  concretes  of  similar  quality.  These  results  are 
further  discussed  in  Section  5.5. 
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Table  5.2  Repeatability  of  FPTs  Performed  at  the  Same  Test  Section 


CONCRETE  BRIDGE 
STRUCTURE 
TESTED 

TYPE  OF 
STRUCTURAL 
ELEMENT 

PERMEABILITY  COEFFICIENT 
(xE-9  cm/sec) 

1st  TEST  RE-TEST 

MAXIMUM 

PERCENT 

DIFFERENCE 

SEVEN  MILE 

PIER  STRUT 

1.90 

1.85 

2.70 

It 

6.69 

8.09 

-17.30 

BAHIA  HONDA  - N 

FOOTER  CAP 

5.25 

6.21 

-15.46 

B.  B.  McCORMICK 

PILE  COLUMN 

10.00 

9.50 

5.26 

II 

45.70 

35.60 

28.37 

II 

47.20 

45.20 

4.43 

ONSHORE 

PIER 

41.70 

34.80 

19.83 

22.80 

24.01 

-5.04 

SEABREEZE 

CAUSEWAY 

BASCULE 

25.80 

20.80 

24.04 

II 

24.60 

19.20 

28.12 
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Table  5.3  Comparison  of  Results  Obtained  from  FPTs  Performed  on 
Structural  Elements  of  Same  Type  and  Concrete  Material 


CONCRETE  BRIDGE 
STRUCTURE 
TESTED 

TYPE  OF 
ELEMENT 
TESTED 

TEST 

SECTION 

MEAN  COEFFICIENT 
OF  PERMEABILITY 
(xE-9  cm/sec) 

MAXIMUM 

PERCENT 

DIFFERENCE 
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1 
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II 

2 
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II 
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SOUTHBOUND 

FOOTER 

1 
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533.38 

II 

2 

27.760 

II 

3 

6.650 

II 

4 

42.120 

BAHIA  HONDA  - 
NORTHBOUND 

II 

1 

5.730 
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II 

2 

23.930 

II 

3 

37.250 

SPANISH  HARBOR 
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9.750 
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ll 
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4 

14.500 

ll 

5 
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ll 

6 
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ll 

8 

23.400 
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Table  5.3--continued. 


CONCRETE  BRIDGE 
STRUCTURE 
TESTED 

TYPE  OF 
ELEMENT 
TESTED 

TEST 

SECTION 

MEAN  COEFFICIENT 
OF  PERMEABILITY 
(xE-9  cm/sec) 

MAXIMUM 

PERCENT 

DIFFERENCE 

SR206  - 

CRESCENT  BEACH 

GIRDER 

1 

12.000 

684.31 

II 

2 

1.530 

II 

3 

5.650 

SEABREEZE 

CAUSEWAY 

BASCULE 

1 

23.300 

109.91 

II 

2 

11.100 

II 

3 

21.300 

BROWARD  RIVER 

PILE 

1 

8.030 

304.73 

II 

2 

32.500 

HORSE  CREEK 
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1 

10.640 

4.51 

II 

2 
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II 

3 

11.120 

HORSE  CREEK  - 
OLD 

WALL 

1 

5.910 

13.87 

II 

2 

6.730 
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5.3  Laboratory  Testing  Program 
5.3.1  Modification  of  the  Chloride  Permeability  Test 

The  standard  method  of  test  for  rapid  determination  of  the  chloride 
permeability  of  concrete,  AASHTO  T277-83,  previously  reviewed  in  Section 
2.4,  was  employed  in  this  study  in  order  to  further  evaluate  the  concrete 
material  of  the  in-service  bridge  structures  under  investigation.  Cored 
concrete  samples  were  obtained  from  the  field  according  to  the  procedure 
described  in  step  (5)  in  Section  5.2.1.  The  test  locations  these  cores 
were  extracted  from  are  indicated  in  Table  5.1.  Figure  5.22  is  a picture 
showing  an  actual  concrete  core  obtained  from  one  of  these  test  locations, 
and  a prepared  specimen  as  used  in  the  chloride  test.  Since  the  1.75-inch 
actual  diameter  of  these  cores  was  smaller  than  the  standard  3.75-inch  di- 
ameter normally  used  in  this  test,  the  dimensions  of  the  inside  diameter 
of  the  applied  voltage  cell  were  modified  to  fit  the  outside  diameter  of 
the  prepared  field  specimens.  Figure  5.23  is  a picture  showing  the  modi- 
fied applied  voltage  cell  fabricated  for  this  study  according  to  the  con- 
struction specifications  provided  in  the  AASHTO  method  as  well  as  in  Ref- 
erence 20. 

During  the  preliminary  testing  of  some  of  the  cores  using  the  modi- 
fied applied  voltage  cell,  high  temperatures  were  observed  usually  within 
the  first  two  hours  of  test  duration.  An  additional  modification  was  ap- 
plied to  the  chloride  test  since  temperatures  as  high  as  180F  were  regis- 
tered resulting  in  the  damage  of  the  cell  after  repeated  test  runs. 
Therefore,  the  level  of  applied  voltage  was  reduced  from  the  standard  60 
volts  to  30  volts  in  order  to  avoid  equipment  failure  due  to  the  observed 
higher  current  flows  through  the  tested  concrete  samples. 
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Figure  5.22  Picture  Showing  a Field  Concrete  Core  (Right)  and  a 
Prepared  Specimen  (Left) 


Figure  5.23  Picture  Showing  the  Modified  Applied  Voltage  Cell 
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Due  to  the  above  modifications,  the  results  obtained  from  the  rapid 
chloride  permeability  test  were  adjusted  accordingly  to  take  into  account 
the  reduced  cross-sectional  area  of  the  concrete  specimens  and  the  reduced 
applied  voltage.  The  test  measurements  were  normalized  to  correspond  to 
standard  results  by  applying  an  adjustment  factor,  Ca,  determined  as 
follows: 

The  electrical  resistivity,  p,  of  any  material  is  defined  as  the 
resistance  between  opposite  faces  of  a unit  specimen  of  the  material  ac- 
cording to  the  following  equation: 


where 

R = electrical  resistance  of  specimen 
A = cross-sectional  area  of  specimen 
L = length  of  specimen 
According  to  Ohm's  law, 


I = electrical  current 
V = applied  voltage 

Since  the  length  of  the  concrete  specimens  used  in  the  chloride  test  de- 
vice was  constant  (2  inches)  and  the  resistivity  of  the  concrete  material 
during  the  testing  was  assumed  to  remain  constant,  the  relationship  be- 
tween the  standardized  and  modified  chloride  test  results  can  be  repre- 
sented by  the  following  equation: 


p = R A / L 


(5.1) 


I = V / R 


(5.2) 


where 


(5.3) 
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where 

I go » V6Q,  A60  = Test  parameters  at  the  standard  60  volts  level 

I30 , V,Q,  A30  = Test  parameters  at  the  reduced  30  volts  level 
Substituting  the  appropriate  values  in  Eqn.  5.3,  we  get  Ca  = 9.18  which  is 
the  adjustment  factor  which  was  applied  to  normalize  the  test  results  ob- 
tained by  the  modified  chloride  test  to  correspond  directly  to  the  stan- 
dard chloride  permeability  results  (coulombs)  as  interpreted  in  the  AASHTO 
T277-83  method. 

5.3.2  Chloride  Permeability  Test  Results 

Rapid  chloride  permeability  tests  were  performed  in  the  laboratory 
on  a number  of  cored  concrete  specimens  obtained  from  the  selected  bridge 
structures  under  investigation.  The  concrete  cores  used  in  this  series  of 
tests  were  obtained  from  structural  elements  which  had  already  been  tested 
for  their  relative  water  permeability  by  means  of  the  developed  FPT  appa- 
ratus. These  cores  were  extracted  from  each  concrete  element  according  to 
the  procedure  described  in  step  (5)  in  Section  5.2.1,  and  from  locations 
which  are  indicated  in  Table  5.1. 

The  field  cored  concrete  specimens  were  sectioned  in  2-inch  slices, 
and  subsequently  conditioned  and  prepared  for  testing  according  to  the 
procedure  stipulated  by  the  AASHTO  T277-83  method.  As  many  as  three  2- 
inch  slices  were  cut  from  the  top  (A),  middle  (B),  and  bottom  (C)  sections 
of  long  field  cores  when  possible.  The  middle  (B)  section  of  shorter  con- 
crete cores,  corresponding  to  the  region  of  concrete  material  tested  with 
the  FPT,  was  used  in  these  tests  for  comparative  purposes.  The  test  mea- 
surements were  analyzed  according  to  the  standard  procedure,  and  the  ad- 
justment factor  Ca  was  applied  to  convert  the  chloride  permeability  results 
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(coulombs)  to  correspond  to  standard  values.  The  results  from  this  series 
of  laboratory  chloride  permeability  tests  are  presented  in  Table  5.4. 

The  maximum  percent  difference  between  the  values  of  charge  passed 
(coulombs)  of  test  specimens  taken  from  the  top,  middle,  and  bottom  sec- 
tions of  field  concrete  cores  ranged  between  about  1%  to  242%.  A rela- 
tively high  variation  was  also  observed  among  the  values  of  structural 
elements  having  the  same  design  and/or  concrete  class  as  in  the  case  of 
the  water  permeability  results.  A closer  examination  of  the  experimental 
results  of  the  rapid  chloride  permeability  tests  reveals  an  interesting 
trend  in  the  coulomb  values  obtained  from  different  sections  of  the  same 
concrete  cores.  In  80%  of  the  cases,  the  total  electrical  charge 
(coulombs)  which  passed  through  the  tested  concrete  material  during  the 
duration  of  each  chloride  test  was  higher  for  concrete  specimens  cut  from 
the  bottom  (C)  or  the  middle  (B)  sections  of  cores  as  compared  with  those 
cut  from  the  top  (A).  This  trend  along  with  the  discrepancies  in  the  test 
results  obtained  for  the  same  class  concretes  indicated  a significant 
variation  in  the  quality  and  durability  characteristics  as  reflected  by 
the  obtained  chloride  and  water  permeability  values  of  the  tested  con- 
cretes. The  interpretation  of  all  of  the  above  permeability  test  results 
are  further  discussed  in  Section  5.5. 

5.4  Correlation  Between  the  Results  of  the  Developed  FPT  Method  and  the 

AASHTO  T277-83  Method 

The  results  obtained  from  the  developed  FPT  method,  presented  in 
Table  5.1,  and  the  standard  AASHTO  T277-83  method,  presented  in  Table  5.4, 
were  compared  in  order  to  determine  whether  there  was  any  relation  between 
the  water  permeability  and  the  charge  passed  through  the  tested  concretes. 
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Table  5.4  Results  of  the  Rapid  Chloride  Permeability  Tests 


CONCRETE 

BRIDGE 

TYPE  OF 
ELEMENT 

SPECIMEN 

No. 

CHARGE  PASSED 
(COULOMBS) 

MAX.  % 
DIFFERENCE 

SEABREEZE 

CAUSEWAY 

BASCULE 

IB 

3,857.4 

N/A 

2B 

7,547.9 

N/A 

B B 

McCORMICK 

PILE 

3B 

3,422.3 

N/A 

PIER 

4B 

2,658.9 

N/A 

BROWARD 

BASCULE 

5B 

1,921.7 

N/A 

OLD  HORSE 
CREEK 

WALL 

6A 

2,111.8 

0.76 

II 

6B 

2,127.9 

II 

7A 

3,158.2 

N/A 

II 

8B 

1,937.8 

127.45 

II 

8C 

4,407.5 

NEW  HORSE 
CREEK 

BEAM 

9A 

2,735.3 

178.68 

9B 

5,252.2 

9C 

7,622.7 

10A 

2,311.0 

242.02 

10B 

7,904.1 

NILES 

CHANNEL 

STRUT 

1 1 A 

5,855.6 

35.02 

II 

1 IB 

7,906.2 

OLD  NILES 
CHANNEL 

WALL 

12A 

18,368.1 

21.22 

II 

12B 

15,153.1 

II 

13B 

18,227.6 

N/A 

SP. HARBOR 

PILE 

15A 

10,457.5 

N/A 

BAHIA 

HONDA 

SOUTH 

BOUND 

FOOTER 

16B 

9,205.7 

9.79 

II 

16C 

10,107.2 

II 

17B 

11,390.0 

46.83 

II 

17C 

7,757.5 
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Table  5. 4- -continued. 


CONCRETE 

BRIDGE 

TYPE  OF 
ELEMENT 

SPECIMEN 

No. 

CHARGE  PASSED 
(COULOMBS) 

MAX.  % 
DIFFERENCE 

BAHIA 

HONDA 

NORTH 

BOUND 

FOOTER 

18B 

7,758.6 

46.29 

II 

18C 

11,350.1 

II 

19A 

7,926.2 

26.22 

II 

19B 

10,004.4 

Key:  N/A  = Not  Applicable 


Note:  According  to  the  standard  AASHTO  T277-83  method: 


Charge  Passed 
(coulombs) 

>4,000 

2.000- 4,000 

1.000- 2,000 
100-1,000 

<100 


Chloride 
Permeabil ity 

High 

Moderate 

Low 

Very  Low 
Negl igible 
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Since  in  an  FPT,  the  center  of  the  flow  region  in  the  test  hole  was  lo- 
cated 3 inches  from  the  surface  of  the  concrete,  the  chloride  permeability 
test  results  obtained  from  the  specimens  cut  from  the  middle  of  concrete 
cores  (B-series)  which  corresponded  to  the  FPT  section  were  used  for  com- 
parison. The  respective  permeability  test  results  are  presented  in  Table 
5.5. 

A correlation  analysis  of  these  values  was  performed  using  linear 
regression.  The  results  of  the  regression  analysis  were  as  follows: 

QRCP  = 247.7167  Kfpt  + 1834.190  (5.4) 

R2  = 0.9000454 

Number  of  Observations  = 16 

Standard  Error  of  the  Slope  = 22.012540 

where 

QRcp  = Charge  passed  (coulombs)  measured  by  the  Rapid  Chloride 
Permeability  (RCP)  Test  Method 

Figure  5.24,  which  is  a graphical  representation  of  the  above  results, 
suggests  that  it  is  possible  to  assume  a linear  relationship  between  the 
respective  chloride  and  water  permeability  values  as  determined  by  the  two 
methods.  Although  limited  experimental  values  were  considered  in  this 
analysis,  the  obtained  coefficient  of  determination  (R2)  of  0.90  indicates 
a strong  relation  between  the  two  quantities. 

5.5  Evaluation  of  the  Tested  Site  Concrete 
The  evaluation  of  the  in-service  concrete  structures  investigated  in 
this  study  was  performed  from  the  concrete  material  point  of  view  and  with 
respect  to  the  physical  property  of  permeability.  Although  in  many  cases, 
the  deterioration  of  concrete  material  and  the  other  related  durability 
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Table  5.5  Comparison  of  Results  Obtained  from  the  FPT  and  Rapid  Chloride 
Permeabil ity  Test 


CONCRETE  BRIDGE 

TYPE  OF 

CHLORIDE 

MEAN  WATER 

STRUCTURE 

STRUCTURAL 

PERMEABILITY 

PERMEABILITY 

TESTED 

ELEMENT 

B-SERIES 

COEFFICIENT 

(COULOMBS) 

(xE-9  cm/sec) 

SEABREEZE 

BASCULE 

3,857.4 

11.10 

CAUSEWAY 

II 

7,547.9 

21.30 

B.  B.  McCORMICK 

PILE 

3,422.3 

9.75 

PIER 

2,658.9 

8.10 

BROWARD  RIVER 

BASCULE 

1,921.7 

6.08 

HORSE  CREEK  - 

WALL 

2,127.9 

5.91 

OLD 

II 

1,937.8 

6.73 

HORSE  CREEK  - 

BEAM 

5,252.2 

10.64 

NEW 

II 

7,904.1 

7.97 

NILES  CHANNEL 

STRUT 

7,906.2 

14.70 

NILES  CHANNEL  - 

WALL 

15,153.1 

51.03 

OLD 

II 

18,227.6 

66.55 

BAHIA  HONDA  - 

PIER  FOOTER 

9,205.7 

27.76 

SOUTHBOUND 

II 

11,390.0 

42.12 

BAHIA  HONDA  - 

it 

7,758.6 

23.93 

NORTHBOUND 

II 

10,004.4 

37.25 
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A EXPERIMENTAL  VALUE 


Figure  5.24  Correlation  Between  Charge  Passed  and  Water  Permeability 
Coefficient 
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problems  would  directly  induce  structural  distress  and  local  failure, 
structural  evaluation  of  the  tested  in-service  bridges  was  beyond  the 
scope  of  this  research.  Instead,  the  tested  concrete  material  of  these 
bridges  was  evaluated  for  its  relative  performance  and  durability  based  on 
the  obtained  FPT  and  rapid  chloride  permeability  test  results.  However, 
the  information  provided  by  the  visual  inspection  of  the  structural  ele- 
ments of  these  bridges  was  taken  into  consideration  in  the  evaluation  pro- 
cess. 

In  order  to  properly  assess  the  performance  and  durability  of  the 
tested  concrete  material  in  the  selected  in-service  bridges,  it  was  impor- 
tant to  collect  the  appropriate  information  listed  in  Section  3.8.1  for 
each  structure.  Since  the  evaluation  of  concrete  was  performed  from  the 
material  point  of  view,  the  most  crucial  data  required  for  the  proper  as- 
sessment of  the  durability  were  the  cement  and  aggregate  types,  the  con- 
crete class,  and  the  related  mix  design  parameters  as  specified  and  used 
in  the  construction  of  these  concrete  bridges.  The  collection  of  this 
pertinent  information  proved  to  be  impossible  due  to  the  fact  that  no  such 
data  were  readily  available  for  bridge  structures  constructed  prior  to 
1980.  The  majority  of  the  marine  structures  under  investigation  were 
constructed  in  a much  earlier  period,  and  some  of  them  as  early  as  the 
beginning  of  the  century,  e.g.,  Old  Niles  Channel  Bridge  in  the  Florida 
Keys  region.  Therefore,  limited  material  data  were  available  for  only  the 
three  bridge  structures  which  were  built  after  1980  namely,  the  Seven 
Mile,  the  Long  Key,  and  the  (New)  Niles  Channel  bridges.  The  FDOT  Mate- 
rials Office  provided  the  following  data  for  these  three  and  few  other 
concrete  bridge  structures: 
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a)  Concrete  class  IV  having  maximum  allowable  water/cement  ratio  of 
0.41  was  specified  for  the  substructure.  A target  water/cement 
ratio  of  0.35  was  set  for  the  concrete  batches  produced.  The  final 
water/cement  ratio  of  the  concrete  usually  placed  on  the  structural 
elements  of  these  bridges  ranged  between  0.37  to  0.39.  Concrete 
class  IV  was  also  used  at  SR-206  Crescent  Beach  bridge  which  was 
constructed  in  1975. 

b)  Cement  Types  II,  I & III,  and  II  & III  were  specified  and  used  at 
Seven  Mile,  Long  Key,  and  Niles  Channel  bridges,  respectively. 

c)  The  aggregate  type  for  the  concrete  used  at  B.  B.  McCormick  bridge, 
which  was  constructed  in  1949,  was  a river  gravel  while  porous  lime- 
stone was  used  at  all  the  other  concrete  bridge  structures. 
Comparison  of  the  results  obtained  from  FPTs  performed  on  the 

selected  in-service  concrete  structures  with  those  obtained  from  water 
permeability  tests  on  laboratory  prepared  concrete  specimens  of  similar 
quality  and  materials  indicates  that  the  site  concretes  exhibited  very 
high  water  permeabilities.  Based  on  the  analysis  presented  in  Section 
5.2.2,  it  could  be  inferred  that  the  site  concretes  under  evaluation  ex- 
hibited poor  durability  characteri sties  and  high  variability  in  quality 
and  performance  as  attested  by  the  results  of  their  relative  water  perme- 
abilities. 

According  to  the  standard  AASHTO  T277-83  method,  conventional  port- 
land  cement  concrete  of  low  water/cement  ratio  (<0.4),  which  corresponds 
to  the  class  IV  concrete  used  in  some  of  the  above-mentioned  bridge  struc- 
tures, is  typically  expected  to  have  low  chloride  permeability  corre- 
sponding to  a total  charge  passed  ranging  between  1,000  to  2,000  coulombs 
as  indicated  in  Table  5.4.  However,  only  6.90%  of  the  tested  concrete 
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specimens  produced  results  which  were  within  this  range,  while  27.59 % and 
65.52%  of  the  specimens  exhibited  moderate  and  high  chloride  permeabili- 
ties, respectively.  All  of  the  concrete  specimens  extracted  from  bridge 
structures  located  in  the  Florida  Keys  region  exhibited  high  chloride  per- 
meabilities. The  highest  registered  charge  passed  through  a tested  con- 
crete material,  18,368.1  coulombs,  was  obtained  from  a concrete  core  ex- 
tracted from  the  arch  wall  of  bent  #9  at  the  Old  Niles  Channel  bridge. 
This  value  was  about  359%  higher  than  the  upper  limit  of  charge  passed 
corresponding  to  high  chloride  permeability  according  to  the  AASHTO  T277- 
83  method.  Based  on  the  high  quantities  of  charge  passed  through  the  ma- 
jority of  the  tested  concretes,  and  the  observed  high  variation  of  values 
obtained  from  duplicate  specimens  tested  with  the  rapid  chloride  permea- 
bility method,  it  could  be  inferred  that  there  was  a significant  variation 
in  the  quality  and  durability  characteristics  of  the  concrete  with  respect 
to  chloride  permeability. 

Although  the  site  concrete  at  the  particular  locations  where  FPTs 
were  performed  and/or  cored  samples  were  extracted  from  was  sound  and  did 
not  exhibit  any  visual  signs  of  deterioration,  corrosion  or  other  patterns 
of  distress,  the  results  obtained  from  the  field  and  laboratory  testing 
programs  indicated  poor  durability  characteristics  with  respect  to  permea- 
bility, and  questionable  level  of  quality  with  potential  for  future  per- 
formance problems  of  the  tested  concrete  material  under  the  given  exposure 
conditions.  The  obtained  results  further  suggest  that  there  seems  to  be 
an  apparent  relationship  between  the  condition  of  structural  concrete  and 
its  permeability.  It  is  believed  that  the  relatively  high  permeability  of 
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the  concrete  significantly  contributed  to  the  deterioration  of  some  ele- 
ments at  these  bridge  structures  by  allowing  the  intrusion  of  deleterious 
substances  present  in  the  marine  environment  into  the  concrete  material. 


CHAPTER  6 

RECOMMENDED  TESTING  AND  EVALUATION  SCHEME 
USING  THE  DEVELOPED  FPT  METHOD 

6. 1 Proposed  Testing  Scheme 

Based  on  the  findings  of  this  research  study,  it  can  be  concluded 
that  the  developed  FPT  apparatus  and  method  appear  promising  in  providing 
a suitable  measuring  system  for  rapid  determination  of  the  in  situ  perme- 
ability of  structural  concrete.  It  is  believed  that  the  developed  experi- 
mental testing  method  could  effectively  be  implemented  and  incorporated 
into  a broader  testing  scheme  in  the  future  for  the  proper  assessment  of 
the  quality,  performance,  and  durability  of  concrete  in  marine  structures. 

The  results  obtained  by  the  developed  FPT  method  demonstrated  strong 
positive  correlation  with  those  obtained  by  an  existing  laboratory  perme- 
ability test  set-up  with  known  reliability.  A good  correlation  was  also 
demonstrated  between  the  values  of  the  coefficient  of  water  permeability 
of  concrete  obtained  from  FPTs  performed  on  marine  structures  and  the  re- 
sults obtained  from  rapid  chloride  permeability  tests  performed  on  repre- 
sentative field  cored  concrete  samples  extracted  from  these  structures 
according  to  the  standard  AASHTO  T277-83  method.  The  empirical  relation- 
ships obtained  in  this  study  indicated  that  the  developed  FPT  method  could 
be  used  in  conjunction  with  these  and  other  existing  test  methods  or  tech- 
niques for  an  effective  evaluation  of  the  performance  and  durability  of 
concrete  in  marine  structures.  A proposed  integrated  testing  scheme  for 
this  purpose  is  presented  in  Figure  6.1. 
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Figure  6.1  Proposed  Testing  Program  for  Marine  Structures 
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The  proposed  testing  scheme  can  be  divided  into  two  major  parts 
namely,  the  field  testing  program  and  the  laboratory  testing  program.  The 
main  characteristic  of  this  testing  scheme  is  that  a number  of  operations 
within  each  testing  program  could  be  performed  independently  and  at  a dif- 
ferent time  while  operations  between  each  program  could  be  performed  con- 
currently. This  drastically  reduces  the  time  and  effort  required  to  per- 
form certain  tasks  and  results  in  an  efficient  way  of  collecting  and  pro- 
cessing the  experimental  data. 

Under  the  field  testing  program,  in  addition  to  the  information  fur- 
nished by  the  FPTs,  other  in  situ  data  such  as  electrode  potential  mea- 
surements and  corrosion  data  could  be  provided  which  would  further  be  ana- 
lyzed and  evaluated  under  the  laboratory  testing  program.  Field  cored 
concrete  samples  ( 1 . 75- i nch-di a . ) obtained  from  locations  on  bridge  struc- 
tures could  be  tested  in  the  laboratory  for  their  relative  chloride  perme- 
ability by  means  of  the  standard  AASHTO  T277-83  method  while  the  small 
cores  (0.726-inch-dia. ) obtained  from  each  FPT  hole  could  be  used  to  de- 
termine the  chloride  content  of  concrete  by  means  of  the  Florida  Method. 
The  chloride  content  values  could  further  be  used  in  the  determination  of 
the  average  chloride  intrusion  rate  which,  in  turn,  could  provide  an  esti- 
mate of  the  time  to  corrosion  of  rebars.  In  cases  where  4-inch-diameter 
cores  were  permitted  to  be  extracted  from  the  structure,  the  existing  lab- 
oratory permeability  test  set-up  could  be  used  to  evaluate  the  specimens 
under  long-term  testing.  Most  importantly,  the  existing  data  base  devel- 
oped in  a previous  study  employing  the  laboratory  permeability  test  method 
could  not  only  provide  expected  permeability  values  of  the  various  con- 
crete classes  used  in  Florida  but  could  also  furnish  valuable  information 
on  the  effects  of  different  curing  conditions,  water/cement  ratio,  cement 
type  and  admixtures,  aggregate  type  used  and  other  mix  design  parameters 
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on  the  permeability  of  structural  concrete.  These  and  other  data  on  ex- 
pected permeability  ranges,  required  limits  or  specifications  would  be 
compared  to  the  experimental  data  collected  from  the  field  and  laboratory 
testing  programs  to  determine  whether  acceptable  results  were  obtained. 

After  incorporating  all  of  the  above  data  and  results  in  the  analy- 
sis process,  the  integrated  testing  scheme  merges  to  the  final  evaluation 
stage  which  consists  of  the  assessment  of  the  corrosion  risk  and  the  de- 
termination of  the  durability  and  performance  indices.  In  case  the  con- 
crete structure  under  evaluation  is  relatively  young  or  currently  under 
construction,  the  estimated  time  to  corrosion  can  be  determined  by  means 
of  the  standard  Test  Method  No.  Calif.  532 -A  developed  by  the  Materials 
and  Research  Department  of  the  State  of  California,  Department  of  Public 
Works,  Division  of  Highways,  which  has  previously  been  used  by  the  FDOT 
and  was  proven  to  produce  reliable  estimates.  For  bridge  structures  which 
have  been  in  service  and  have  consequently  been  exposed  to  environmental 
conditions  for  some  years,  the  state  of  corrosion  can  be  determined  by 
means  of  visual  inspection  and  evaluation  of  the  physical  condition  of  the 
site  concrete,  field  measurements  of  electrical  potentials,  depth  of  car- 
bonation  measurements,  and  other  available  corrosion  evaluation  tech- 
niques. Based  on  all  of  the  above  information,  appropriate  durability  and 
performance  indices  could  be  assigned  accordingly  and  the  estimated  ser- 
vice life  of  the  structure  be  determined.  A worked  example  demonstrating 
the  application  of  the  proposed  testing  scheme  is  presented  in  Appendix  B. 

6.2  Recommended  Permeability  Ranges  for  the  Developed  FPT 
The  developed  FPT  apparatus  and  method  were  shown  to  give  consistent 
and  reliable  test  results  (values  of  permeability)  under  both  laboratory 
as  well  as  actual  field  conditions.  The  apparent  permeability  coefficients 
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as  determined  by  the  FPT  method  could  be  taken  as  a measure  of  the  rela- 
tive performance  and  durability  of  the  concrete  in  existing  in-service 
concrete  structures.  The  FPT  results  could  provide  valuable  information 
on  the  quality  of  the  concrete  materials  used  in  newly  constructed  as  well 
as  aged  in-service  bridge  structures.  The  FPT  measurements  could  also 
give  an  indication  on  the  potential  of  the  concrete  material  to  provide 
the  necessary  protection  to  the  embedded  reinforcing  steel  against  the  in- 
trusion of  deleterious  substances  such  as  chloride  ions  which  can  cause 
corrosion  and  subsequent  deterioration  to  the  structure. 

Based  on  the  experimental  values  obtained  in  the  laboratory  and 
field  testing  programs  conducted  in  this  research  study,  the  FPT  results 
can  be  interpreted  according  to  the  recommended  ranges  presented  in  Table 
6.1.  It  should  be  noted  that  the  given  tabulated  values  are  not  absolute 
since  they  are  based  on  limited  experimental  field  testing.  Care  should 
be  taken  in  interpreting  the  values  of  this  test  since  the  initial  mois- 
ture condition  or  degree  of  saturation  of  concrete  has  a significant  ef- 
fect on  the  obtained  results.  Although  the  pre-conditioning  technique 
employed  in  the  FPT  procedure  appears  to  offset  the  effect  of  in  situ 
moisture  content,  no  definite  relationship  has  been  established  in  this 
respect  during  the  present  study.  However,  it  is  believed  that  if  the 
tested  site  concrete  is  partially  submerged  and  has  been  exposed  to  tidal 
action  for  a period  of  years,  a saturated  condition  is  in  place  and  thus 
the  effect  of  moisture  can  be  assumed  to  be  minimal  for  all  practical  pur- 
poses. The  developed  FPT  method  should  not  be  used  as  a substitute  of 
other  existing  laboratory  test  methods  for  investigating  the  influence  of 
various  factors  that  affect  the  permeability  of  concrete.  Rather,  it  is 
intended  for  use  in  the  field  as  a rapid  method  for  the  determination  of 
the  in  situ  permeability  of  concrete.  The  FPT  is  recommended  to  be  used 
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Table  6.1  Interpretation  of  FPT  Results 


FPT  Coefficient  Value 
(cm/sec) 

Relative  Permeability 
Ranking 

V 

no 

X 

o 

CO 

Very  High 

5 x 10~9  - 2 x 10'8 

High 

1 x 10"11  - 5 x 10~9 

Moderate 

1 x 10'1Z  - 1 x 10  11 

Low 

1 x 10'13  - 1 x 10'12 

Very  Low 

<1  x 10'13 

Negl igible 
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in  conjunction  with  other  standardized  tests  for  the  relative  measurement 
of  permeability  and  as  an  indicator  of  the  durability  of  concrete. 
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CHAPTER  7 

CONCLUSIONS  AND  RECOMMENDATIONS 
7 . 1 Summary  and  Conclusions 

The  scope  of  this  research  study  was  the  assessment  of  the  perfor- 
mance and  durability  of  the  concrete  material  of  existing  in-service 
marine  structures  under  actual  field  conditions  with  respect  to  perme- 
ability. At  present,  there  does  not  exist  any  standard  method  for  the 
direct  determination  of  the  in  situ  water  permeability  of  structural  con- 
crete. There  was  a need  to  develop  a test  apparatus  and  method  which 
would  allow  regular  in  situ  permeability  measurements,  i.e.,  without  the 
requirement  to  extract  cored  specimens  from  the  concrete  structure  and 
test  them  in  a laboratory  permeability  test  apparatus. 

In  this  study,  an  FPT  apparatus  and  method  was  developed  and  evalu- 
ated in  both  the  laboratory  and  in  the  field.  The  developed  prototype  FPT 
apparatus  and  method  were  used  in  the  testing  and  evaluation  of  in-service 
marine  structures.  The  developed  FPT  method  was  used  in  conjunction  with 
other  existing  techniques  and  standard  methods  in  a comparative  study,  and 
good  correlation  was  demonstrated  between  the  experimental  results  ob- 
tained by  each  method  employed.  Based  on  the  experimental  results  ob- 
tained in  the  laboratory  and  field  testing  programs  employed  in  this 
research  study,  recommended  ranges  of  the  permeability  coefficient  as  de- 
termined by  the  FPT  method  were  established  for  the  assessment  of  the  rel- 
ative performance  and  durability  of  concrete  in  marine  structures. 
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In  the  development  of  a portable,  quasi  nondestructive  device  to 
measure  the  in  situ  permeability  of  in-service  concrete,  several  different 
designs  were  attempted,  and  a number  of  devices  were  constructed  and 
evaluated  until  the  current  prototype  was  finally  adopted.  After  months 
of  experimentation,  an  effective  design  was  achieved,  and  a suitable  FPT 
apparatus,  which  satisfied  all  the  design  requirements  set  forth  in  this 
study,  was  fabricated.  The  developed  FPT  apparatus  relies  on  the  acceler- 
ated radial  flow  of  water  into  the  concrete  material  under  the  influence 
of  an  externally  applied  high  pressure.  The  developed  FPT  method  makes 
use  of  Darcy's  law  which  relates  coefficient  of  permeability  to  rate  of 
flow.  The  apparent  coefficient  of  permeability  is  computed  from  the  ob- 
tained FPT  measurements  by  means  of  the  Packer/Lugeon  equation.  The  flow 
phenomenon  encountered  in  the  FPT  was  examined  from  the  macroscopic  point 
of  view  and  was  based  on  the  continuum  approach  in  which  no  attention  is 
paid  to  the  pores  or  the  pore  structure  of  the  concrete  material.  The 
three-dimensional,  spherical  flow  model  employed  provided  the  proper  ana- 
lytical solution  which  constituted  the  mathematical  derivation  of  the 
Packer/Lugeon  equation  presented  in  this  study. 

The  finalized  FPT  apparatus  consists  of  two  main  units  namely,  the 
FPT  probe  which  is  the  actual  device  inserted  into  the  test  hole  and  which 
injects  pressurized  water  into  the  surrounding  concrete  mass,  and  the  FPT 
instrumentation  unit  which  provides  the  central  control  and  the  monitoring 
during  a field  permeability  test  run.  The  developed  FPT  apparatus  is  sim- 
ple and  easy  to  use,  and  is  accompanied  by  an  illustrated  user's  manual  which 
includes  operating  instructions  and  a step-by-step  testing  procedure. 

The  FPT  apparatus  was  extensively  evaluated  by  performing  the  FPTs 
on  numerous  bridge  structures  throughout  Florida  and  also  on  concrete  test 
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blocks  in  the  laboratory.  While  the  initial  moisture  content  or  degree  of 
saturation  of  the  concrete  could  have  a significant  effect  on  the  FPT 
results,  consistent  results  were  obtained  when  the  test  section  was  pre- 
saturated prior  to  testing.  It  has  been  established  that  test  variables 
such  as  test  orientation,  partially  filled  test  section,  removal  of  the 
probe  from  the  test  hole  between  sequential  or  repetitive  test  runs,  and 
level  of  applied  test  pressure  should  not  have  any  significant  effect  on 
the  final  flow  measurements  obtained  during  an  FPT. 

It  is  believed  that  the  findings  from  this  research  study  can  fur- 
ther be  used  to  compile  improved  design  and  construction  guidelines  and 
quality/performance  requirements  for  the  durability  of  concrete  exposed  to 
marine  environments.  This  study  can  also  provide  an  effective  method  for 
determining  the  rate  of  deterioration  and,  thus,  the  estimated  service 
life  of  concrete  structures  based  on  in  situ  and  laboratory  data.  There- 
fore, a proposed  testing  scheme  which  incorporates  the  developed  FPT  meth- 
od was  presented. 

Based  on  the  experimental  findings  of  the  field  and  laboratory 
testing  programs,  the  major  conclusions  of  this  research  study  are  sum- 
marized as  follows: 

1.  The  refinement  and  modification  applied  to  the  FPT  probe  pro- 
vided a more  simp! i fied  set-up  and  di smantl  ing  of  the  apparatus 
and,  thus  an  improved  overall  design  of  the  device  was  achieved. 

2.  The  developed  FPT  apparatus  and  method  appear  promising  in 
providing  a suitable  measuring  system  for  the  rapid  and  con- 
venient determination  of  the  in  situ  water  permeability  of 
structural  concrete. 

3.  The  FPT  apparatus  can  also  be  effectively  used  in  long-term 
testing  of  structural  concrete  blocks  in  the  laboratory. 
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4.  The  relationship  between  the  coefficients  of  permeability  ob- 
tained by  the  FPT  and  laboratory  permeability  test  methods  was 
highly  significant. 

5.  The  results  obtained  by  the  FPT  and  laboratory  permeability 
test  methods  demonstrated  an  improved  correlation  when  the 
tested  concrete  was  fully  saturated  (R2  = 0.97)  as  opposed  to 
partially  saturated  (R2  = 0.96). 

6.  There  seems  to  be  a linear  relationship  between  the  charge 
passed  (coulombs)  through  a concrete  material  as  measured  by 
the  Rapid  Chloride  Permeability  test  and  its  corresponding 
water  permeabil ity. 

7.  A good  correlation  (R2  = 0.90)  was  demonstrated  between  the 
results  obtained  by  the  FPT  and  the  standard  Rapid  Chloride 
Permeability  (AASHTO  T277-83)  Test  method. 

8.  The  vacuum  pre-conditioning  and  subsequent  pre-saturation  of 
the  test  section  prior  to  testing  appeared  to  be  effective  in 
offsetting  the  effects  of  moisture  content  or  degree  of  satu- 
ration of  concrete  on  the  FPT  results. 

9.  There  seems  to  be  a relationship  between  permeability  and  du- 
rability of  concrete,  and  structure  condition.  The  concrete 
material  which  exhibited  durability  problems  also  demonstrated 
high  permeability. 

10.  The  deterioration  of  concrete  in  the  tested  bridge  structures 
was  primarily  due  to  corrosion  of  the  embedded  steel  rein- 
forcement which  was  caused  by  the  intrusion  of  chloride  ions. 
The  high  permeability  of  the  in  situ  concrete  material  signif- 
icantly contributed  to  this  effect. 
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11.  A high  variation  in  performance  and  durability  was  observed 
between  concrete  bridge  structures  specified  to  have  the  same 
concrete  class. 

12.  The  FPT  method  can  provide  a relative  measurement  of  perme- 
ability which  can  be  used  as  an  indication  of  the  quality  and 
performance  characteristics  of  structural  concrete. 

7 . 2 Recommendations 

The  findings  drawn  from  this  research  study  lead  to  the  following 
recommendations: 

1.  The  concrete  to  be  tested  with  the  FPT  apparatus  should  be 
sound  and  without  any  signs  of  deterioration  such  as  scaling, 
cracking,  spalling,  and  corrosion. 

2.  The  concrete  surface  should  be  properly  cleaned  from  any  sur- 
face irregularities  or  any  marine  organisms  if  the  selected 
test  location  is  within  the  tidal  or  splash  zones. 

3.  In  case  the  concrete  to  be  tested  is  relatively  dry,  a vacuum 
pre-conditioning  and  subsequent  pre-saturation  of  the  test 
section  should  be  applied  for  about  30  minutes  prior  to  actual 
testing  as  described  in  Appendix  A.  All  the  recommendations 
presented  in  Appendix  A should  be  strictly  followed. 

4.  During  an  FPT  run,  in  case  a drop  of  the  water  level  in  the 
manometer  at  the  initial  application  of  pressure  is  regis- 
tered, measurements  should  begin  after  the  drop  is  accounted 
for  and  regular  flow  rates  are  observed. 

The  constant  rate  of  flow  of  water  (injection  rate)  estab- 
lished during  an  FPT  run  should  be  used  in  the  calculation  of 


5. 
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the  coefficient  of  permeability.  If  a recorded  test  measure- 
ment (flow  rate)  which  is  within  the  precision  of  the  mea- 
suring device  remains  unchanged  for  at  least  a total  of  30 
minutes,  then  this  would  indicate  that  a relatively  constant 
rate  is  achieved. 

6.  Test  pressures  should  be  kept  to  a minimum  level  possible  to 
produce  a measurable  flow. 

7.  The  ranges  of  the  relative  coefficients  of  permeability  pro- 
vided in  this  study  were  established  based  on  limited  data  and 
the  given  values  are  not  absolute.  Therefore,  caution  should 
be  taken  in  interpreting  these  values. 

8.  The  FPT  is  recommended  to  be  used  in  conjunction  with  other 
standardized  tests  for  the  relative  measurement  of  permeabil- 
ity and  as  an  indicator  of  the  performance  and  durability  of 


in  situ  concrete. 
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FIELD  PERMEABILITY  TEST- -USER' S MANUAL 


Definitions: 

The  term  "FPT  probe"  refers  to  the  actual  device  that  is  inserted 
into  the  test  hole  and  which  injects  pressurized  water  into  the  concrete. 
The  term  "FPT  control  unit"  refers  to  the  Field  Permeability  Test  instru- 
mentation case  containing  the  control  valves  and  pressure  gage  as  shown  in 
Figure  A.  The  term  "FPT  apparatus"  refers  to  the  entire  system  which  in- 
cludes both  the  FPT  control  unit  and  the  probe. 

Recommendations: 

In  performing  an  FPT  either  on  laboratory  prepared  concrete  speci- 
mens, on  concrete  sections  obtained  from  the  field,  or  on  in  situ  con- 
crete, it  is  recommended  that  de-aerated  water  be  used.  In  case  this  is 
not  feasible,  the  use  of  distilled  water  or  potable  water  which  is  free 
from  any  impurities  is  the  best  alternative.  Sea-water,  water  which  con- 
tains chlorides,  sulfides  or  other  ions  or  elements  in  any  concentration 
should  never  be  used  under  any  circumstances. 

Standard  pressurized  nitrogen  gas  bottles  (cylinders)  should  be  used 
in  providing  the  required  test  pressure  in  an  FPT.  Test  pressures  as  high 
as  75%  of  the  allowable  tensile  strength  of  concrete  could  effectively  be 
applied  in  performing  an  FPT.  In  case  the  tensile  strength  of  concrete  to 
be  tested  is  not  known  or  cannot  accurately  be  estimated,  the  lowest  pos- 
sible level  of  pressure  which  produces  a measurable  flow  shall  be  applied. 
In  no  case  should  test  pressures  higher  than  750  psi  be  applied  regardless 
of  the  tensile  strength  of  the  tested  concrete. 
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Figure  A The  Field  Permeability  Test  Instrumentation  Case 
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In  case  the  concrete  to  be  tested  is  relatively  dry,  a 30-minute 
pre-conditioning  (pre-saturation)  of  the  test  hole  should  be  employed  and 
the  moisture  content  of  the  in  situ  concrete  should  be  established  before 
and  after  an  FPT  is  performed  according  to  the  test  procedure  described  in 
this  study. 

FPT  - Operating  Procedure 
Step  1 - Vacuum  the  System: 

1.1  Connect  the  right  quick-connect  to  the  control  panel  on  the  bottom 
shell  of  the  FPT  control  unit  (Fig.  Al.l). 

1.2  Turn  Reservoir  Valve  to  "REPLENISH"  position  (Fig.  A1.2). 

1.3  Turn  Valve  1 to  "VACUUM"  position  (Fig.  A1.3). 

1.4  Turn  Valve  2 to  "ON"  position  (Fig.  A1.3). 

1.5  Turn  Valve  3 to  alternate  position  (Fig.  A1.3). 

1.6  Connect  the  line  of  the  portable  hand-operated  vacuum  pump  to  the 
"VACUUM"  quick-connect  (Fig.  A1.3). 

1.7  Apply  full  vacuum  (30  in.Hg)  to  the  system  for  approximately  5 
minutes  (Fig.  A1.3),  then  disconnect  the  vacuum  line  from  the  FPT 
unit. 

Step  2 - Introduce  Water  into  the  System: 

2.1  Turn  Valve  1 to  "WATER"  position  (Fig.  A2.1). 

2.2  Connect  the  line  of  the  portable  water  container  to  the  "WATER" 
quick-connect  (Fig.  A2.1). 

2.3  Wait  until  the  line  which  is  connected  to  the  bottom  of  the  reser- 
voir mounted  on  the  top  shell  of  the  FPT  unit  is  filled  with  water, 
and  then  close  the  reservoir  "REPLENISH"  Valve. 

2.4  Wait  until  the  reservoir  and  all  the  lines  in  the  system  are  filled 
with  water,  and  then  disconnect  the  water  line  from  the  FPT  unit. 
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Figure  Al.l  FPT  - Operating  Procedure:  Step  1.1 
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Figure  A1.2  FPT  - Operating  Procedure:  Step  1.2 
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Figure  A1.3  FPT  - Operating  Procedure:  Steps  1.3  through  1.7 
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Figure  A2.1  FPT  - Operating  Procedure:  Steps  2.1  and  2.2 
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Step  3 - Set  Up  the  FPT  Control  Unit  for  Testing: 

3.1  Connect  the  left  quick-connect  to  the  control  panel  on  the  bottom 
shell  of  the  instrumentation  case  - CAUTION:  Release  any  pressure 
from  the  system  by  turning  Valve  1 to  "VENT"  or  "VACUUM"  position 
and  make  sure  that  the  test  gauge  indicates  zero  pressure  before 
connecting  the  lines  (Figure  A3.1). 

3.2  Turn  Valve  3 to  "ON"  position  (Figure  A3. 2). 

3.3  Turn  Valve  2 to  "OFF"  position  (Figure  A3. 2). 

3.4  Turn  Valve  1 to  "TEST"  position  (Figure  A3. 2). 

3.5  Connect  the  pressure  source  to  "NITROGEN  IN"  on  the  control  panel 
(Figure  A3 . 2) . 

3.6  Adjust  the  externally  applied  pressure  to  the  desired  level  of  test 
pressure,  e.g.  200  psi  as  indicated  by  the  gauge,  by  turning  the 
pressure  regulator  knob  clockwise  (Figure  3.2). 

3.7  Open  Valve  2 very  slowly  to  let  the  water  level  in  the  test  line 

drop  to  the  manometer  level,  then  turn  Valve  2 to  the  "OFF"  position 

again  when  the  desired  level  is  reached. 

Step  4 - Fill  Test  Hole  with  Water  and  Set  Up  the  FPT  Probe  for  Testing: 

4.1  Connect  one  end  of  the  test  line  to  the  FPT  probe  (Figure  A4.1). 

4.2  Insert  the  FPT  probe  into  the  test  hole,  and  connect  the  free  end  of 
the  test  line  to  the  quick-connect  of  the  portable  water  container 
(Figure  A4.2) . 

4.3  Pressurize  the  water  container  to  fill  the  test  line  and  test  hole 
with  water.  Sustain  enough  pressure  to  over-fill  until  water  flows 
out  of  the  test  hole  (Figure  A4.3). 

With  the  test  hole  over-filled,  start  assembling  the  FPT  probe  by 
turning  the  top  nut  very  slowly  clockwise  while  water  still  flows 


4.4 
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Figure  A3.1  FPT  - Operating  Procedure:  Step  3.1 
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Figure  A3. 2 FPT  - Operating  Procedure:  Steps  3.2  through  3.6 
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Figure  A4.1  FPT  - Operating  Procedure:  Step  4.1 
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Figure  A4.2  FPT  - Operating  Procedure:  Step  4.2 
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Figure  A4.3  FPT  - Operating  Procedure:  Step  4.3 
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out  of  the  test  hole  (Figure  A4.4).  Continue  until  the  packers  are 
fully  expanded  and  the  test  hole  is  securely  sealed. 

4.5  Disconnect  the  test  line  from  the  water  container  and  connect  the 
free  end  to  the  "PROBE"  quick-connect  on  the  control  panel  - 
CAUTION:  Make  sure  that  Valve  1 is  at  the  "VENT"  position  and  Valve 
2 is  at  the  "OFF"  position  (Fig  A4.5). 

Step  5 - Start  Testing: 

5.1  Mark  the  initial  position  of  the  water  level  in  the  manometer,  and 
set  the  timer. 

5.2  While  turning  Valve  2 to  the  "ON"  position,  start  the  timer  and 
observe  the  initial  drop  of  the  water  level  in  the  manometer  (Fig. 
A5.1). 

5.3  Check  all  the  fittings,  connections,  the  test  line  to  the  FPT  probe, 
and  the  test  hole  for  any  leakage  (Fig.  A5.2). 

5.4  If,  after  the  initial  drop  of  the  water  in  the  manometer  is  ac- 
counted for,  no  leakage  occurs  and  normal  water  flow  is  observed, 
repeat  Step  5.1  and  begin  test  measurements  at  regular  time  inter- 
vals. A typical  time  increment  of  10  minutes  can  be  used  for  re- 
cording the  flow.  However,  the  time  increment,  can  be  adjusted  de- 
pending on  the  actual  flow  rate.  Readings  are  continued  until  a 
steady-state  flow  condition  is  attained. 

5.5  When  the  water  has  reached  the  lower  level  of  the  manometer  tubing, 
turn  Valve  2 to  the  "OFF"  position  and  stop  the  timer  (Fig.  A5.3). 

5.6  Turn  Reservoir  Valve  to  the  "REPLENISH"  position  and  then  open  the 
Pressure  Relief  Valve  of  the  manometer  very  slowly  (Fig.  A5.4). 

5.7  Let  the  water  refill  the  manometer  to  the  upper  level  and  then  close 
the  Reservoir  Valve.  Now  close  the  Pressure  Relief  Valve. 
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Figure  A4.4  FPT  - Operating  Procedure:  Step  4.4 
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Figure  A4.5  FPT  - Operating  Procedure:  Step  4.5 
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Figure  A5.1  FPT  - Operating  Procedure:  Step  5.2 
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Figure  A5.2  FPT  - Operating  Procedure:  Step  5.3 
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Figure  A5.3  FPT  - Operating  Procedure:  Step  5.5 
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Figure  A5.4  FPT  - Operating  Procedure:  Step  5.6 


172 


5.8  Turn  Valve  2 to  the  "ON"  position,  start  the  timer,  and  resume 
testing  and  regular  measurements  as  before. 

5.9  Repeat  Steps  5.5  through  5.8  as  many  times  as  necessary  to  complete 
the  FPT  measurements  on  the  tested  concrete. 

Step  6 - Terminate  Testing  and  Remove  FPT  Probe  from  Test  Hole: 

6.1  Turn  Valve  2 to  the  "OFF"  position. 

6.2  Release  the  externally  applied  test  pressure  by  turning  the  regula- 
tor knob  counter-clockwise;  pressure  gauge  should  indicate  a zero 
reading  now. 

6.3  Turn  Valve  1 to  the  "VENT"  position. 

6.4  Open  the  Pressure  Relief  Valve  and  release  the  pressure  in  the 
manometer. 

6.5  Disconnect  the  test  line  from  the  control  panel  and  from  the  FPT 
probe. 

6.6  Release  the  packers  by  turning  the  top  nut  of  the  FPT  probe  counter- 
clockwise, and  remove  the  probe  from  the  test  hole. 

The  above  FPT  run  can  be  conducted  by  one  person  plus  an  assistant, 
and  can  be  completed  within  two  hours  from  the  commencement  of  the  opera- 
tion. Under  actual  field  conditions,  the  entire  FPT  operation  including 
coring,  pre-conditioning,  testing,  and  patching  of  concrete  can  be  com- 
pleted within  approximately  two  to  three  hours. 
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APPLICATION  OF  THE  PROPOSED  TESTING  PROGRAM  FOR  MARINE  STRUCTURES 


The  description  of  the  proposed  testing  program  is  presented  in 
Chapter  6.  The  proposed  testing  scheme  can  be  divided  into  two  major 
parts  namely,  the  Field  Testing  Program  (A)  and  the  Laboratory  Testing 
Program  (B)  which  subsequently  merge  into  the  final  evaluation  stage  (C). 
This  integrated  testing  scheme  is  characterized  by  its  efficiency,  and 
ability  for  vertical  and  horizontal  communication  within  the  program.  A 
number  of  operations  within  each  part  could  be  performed  independently  and 
at  a different  time  while  operations  between  each  part  could  be  performed 
concurrently. 

It  should  be  noted  that  this  testing  scheme  was  presented  for  the 
sole  purpose  of  demonstrating  the  potential  for  future  implementation  of 
the  developed  FPT  method  in  assessing  the  relative  performance  and  dura- 
bility of  concrete  in  marine  structures.  The  determination  of  the  appli- 
cability, reliability,  and  effectiveness  of  all  other  test  methods  recom- 
mended to  be  used  in  conjunction  with  the  FPT  in  this  testing  program  was 
beyond  the  scope  of  this  study.  The  user  could  easily  modify  this  program 
to  fit  his  specific  needs,  and  other  test  methods  judged  suitable  for  the 
particular  purpose  of  each  testing  could  be  incorporated  in  this  program. 
The  implementation  of  this  testing  program  is  not  limited  to  marine  con- 
crete structures  but  it  could  also  be  applied  to  other  concrete  structures 
exposed  to  either  similar  conditions  or  to  aggressive  environments  im- 
posing the  same  deteriorating  effects. 
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Although  the  assumed  data,  values,  or  quantities  of  the  referred 
parameters  are  hypothetical  in  the  following  example  they  represent  real- 
istic magnitudes  for  demonstration  purposes. 

For  the  worked  example  presented  here  it  is  assumed  that  the  struc- 
ture under  investigation  is  a 7-year-old  concrete  bridge  with  elements  of 
its  substructure  exposed  to  ocean  waters.  This  concrete  bridge  structure 
was  designed  for  a 75-year  service  life.  The  following  material  data  are 
provided  for  this  structure: 

Concrete  class  = IV 

Cement  type  = II 

Aggregate  type  = porous  limestone 

Max.  aggregate  size  = 1/2  inch 

Water/cement  (w/c)  ratio  = 0.38 

Assessment  of  the  Performance  and  Durability  of  Concrete  in  Marine 
Structures--Worked  Example  on  the  Application  of  the  Proposed  Testing 
Program:  Refer  to  the  flow  chart  presented  in  Figure  6.1. 

A.  Field  Testing  Program  (refer  to  Section  5.2). 

1.  Determination  of  FPT-INDEX: 

Average  FPT  coefficient  value  = 9.55  x 10~9  cm/sec 

Adjustment  factor  = (1  / 1.70)  = 0.588 

K-INDEX  = (0.588)  x 9.55  x 10'9  = 5.62  x 10‘9  cm/sec 

FPT-INDEX  = relative  permeability  = High  (From  Table  6.1) 

2.  Sample  Coring: 

Refer  to  Step  5,  Section  5.2.1. 

3.  Electrode  Potential  Measurements: 

Measurements  were  taken  according  to  the  Standard  Test  Method  for 
Half  Potentials  of  Reinforcing  Steel  in  Concrete,  ASTM  Designation:  C876- 
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Average  potential  measured  = -0.39  V (High) 

According  to  ASTM  C876-87,  if  potentials  over  an  area  are  more 
negative  than  -0.35  V,  there  is  a greater  than  90%  probability  that 
reinforcing  steel  corrosion  is  occurring  in  that  area  at  the  time  of 
measurement . 

4.  Other  Corrosion  Data: 

i)  Corrosion  medication  systems,  i.e.,  Cathodic  Protection  (CP) 
systems  such  as  impressed  current,  sacrificial  anode,  etc.  are 
not  installed.  In  case  a CP  system  was  installed,  the  opera- 
tion and  the  effectiveness  of  the  system  in  providing  the  re- 
quired protection  to  the  reinforcing  steel  had  to  be  evalu- 
ated. 

ii)  Disbondment  of  the  epoxy  coating  on  reinforcing  steel  bars  at 
deteriorated  sections  was  observed. 

iii)  Extensive  vertical  cracking  at  locations  within  the  splash 
zone  of  partially  submerged  concrete  piles  was  observed. 

iv)  The  concrete  cover  over  reinforcing  steel  measured  at  several 
locations  was  determined  to  be  less  than  the  required  4-inch 
cover  specified  in  the  design. 

B.  Laboratory  Testing  Program 

1.  Determination  of  the  Chloride  Ion  Concentration  in  the  Sea  Water: 
The  average  concentration  of  the  chloride  ions  in  sea  water 
samples  obtained  from  the  test  location  was  determined  to  be  15,500 
ppm. 

According  to  the  FD0T  design  guidelines,  if  the  chloride  ion 
concentration  is  greater  than  2,000  ppm  the  region  at  which  the 
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concrete  bridge  under  evaluation  is  situated  is  classified  as  an 
extremely  aggressive  (highly  corrosive)  environment. 

2.  Determination  of  the  Chloride-Ion  Permeability  (refer  to  Section 
5.3): 

Rapid  chloride  permeability  tests  were  performed  according  to 
the  Standard  AASHTO  T277-83  Method  on  prepared  cored  concrete  sam- 
ples obtained  from  the  field. 

Average  total  charge  passed  = 17,500  coulombs  (High) 

According  to  AASHTO  T277-83,  if  the  total  charge  passed  is 
greater  than  4,000  coulombs  the  concrete  tested  is  classified  to 
have  high  chloride  permeability,  i.e,  the  concrete  material  tested 
is  highly  permeable  to  chloride  ions.  The  concrete  material  tested 
had  a w/c  ratio  of  0.38.  According  to  AASHTO  T277-83,  concrete 

material  of  low  w/c  ratio  (<0.4)  is  expected  to  produce  results 
ranging  between  1,000  to  2,000  coulombs  which  correspond  to  low 

chloride  permeability. 

3.  Determination  of  the  Chloride  Content  in  the  Concrete  Material: 

The  cored  concrete  samples  extracted  from  each  FPT  hole  were 
further  analyzed  in  the  laboratory  using  the  Florida  Test  Method 
(FM)  5-516  (Determining  Low-Levels  of  Chloride  in  Concrete  and  Raw 
Materials)  in  order  to  determine  the  chloride  content  of  the  site 
concrete  material . 

Average  chloride  content  at  steel  depth  = 2.9  lbs/cu.yd.  of 

concrete  material . 

4.  Determination  of  Chloride  Intrusion  Rate: 

Average  chloride  content  at  steel  depth  = 2.9  lbs/cu.yd. 

Chloride  content  to  corrosion  threshold  = 1.20  lbs/cu.yd. 
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Typical  chloride  content  of  new  concrete  = 0.22  lbs/cu.yd. 

Age  of  bridge  structure  under  investigation  = 7 years 

Average  chloride  intrusion  in  7 years  = 2.9  - 0.22  = 2.68  lbs/cu.yd. 
Chloride  intrusion  rate  per  year  = 2.68  / 7 = 0.383  lbs/cu.yd./yr 

5.  Assessment  of  Corrosion  Risk: 

i)  Estimated  Time  to  Corrosion 

Chloride  intrusion  to  corrosion  threshold  = 1.20  - 0.22  = 0.98 

lbs/cu.yd. 

Time  to  corrosion  after  construction  completion  date  = 0.98  / 0.383 
= 2.56  years  < 7 years  ; 

Corrosion  Risk  = Very  High 

ii)  Corrosion  State 

Based  on  the  electrode  potential  measurements  the  corrosion  of 
the  embedded  reinforcing  steel  is  at  an  advanced  state.  Based  on 
all  the  other  corrosion  data,  the  corrosion  state  can  be  classified 
as  severe. 

6.  Laboratory  Permeability  Tests: 

Based  on  the  material  information  provided  for  the  concrete 
bridge  structure  under  investigation,  an  expected  permeability  range 
can  be  assigned  for  concrete  class  IV  having  the  specified  quality 
and  design.  This  permeability  range  can  be  obtained  from  the  ex- 
isting permeability  data  base  on  Florida  concretes  (see  Reference 
31). 

Expected  permeability  range  = 9 x 10~12  --  6.5  x lCf11  cm/sec 

In  case  where  4-inch  diameter  cored  concrete  samples  could  be 
extracted  from  the  structure,  it  is  suggested  that  actual  long-term 
laboratory  permeability  tests  be  performed  on  these  specimens  using 
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the  laboratory  permeability  test  set-up  in  order  to  establish  a more 
precise  value  of  the  coefficient  of  permeability  of  the  tested  site 
concrete. 

C.  Final  Evaluation  Stage: 

At  this  point  the  testing  program  merges  to  the  final  evaluation 
stage  where  all  of  the  above  data  are  considered, 
i)  Durability  Index 

The  following  durability  indices  are  arbitrarily  assigned  to 
reflect  the  durability  characteri sties  of  structural  concrete  with 
respect  to  permeability  (water  permeability  and  chloride-ion  perme- 
ability) of  the  concrete  material  tested. 

Durability  Index 


0 

= 

Not  Applicable  or  Insufficient 

Data  Provided 

I 

= 

Very  Poor 

II 

= 

Poor 

III 

= 

Moderate 

IV 

= 

Good 

V 

= 

Very  Good 

VI 

= 

Excel  1 ent 

The 

tested 

site  concrete  material  exhibited 

high  permeabi 

as  reflected  by  the  FPT-Index  and  the  Chloride-Ion  Permeability 
values  obtained  in  this  analysis.  The  average  in  situ  water  perme- 
ability coefficient  was  about  86.5  times  higher  than  the  upper  limit 
of  the  expected  permeability  range  applicable  for  the  concrete  mate- 
rial tested.  Based  on  the  charge  passed  (coulombs)  through  the 
tested  concrete,  the  chloride  permeability  was  about  8.75  times 
higher  than  the  upper  limit  of  the  expected  range  applicable  for  the 
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concrete  material  tested  (w/c  = 0.38  < 0.4).  Based  on  the  obtained 
experimental  data  and  the  above  analysis,  a durability  index  = III 
(Poor)  is  thus  assigned  to  the  structural  concrete  material  tested, 
ii)  Performance  Index 

The  performance  indices  are  arbitrarily  assigned  to  reflect 
the  characteristics  of  structural  concrete  in  terms  of  the  degree  of 
deterioration  under  the  given  exposure  conditions,  and  with  respect 
to  the  general  performance  of  its  intended  function.  The  specified 
design  service  life  of  a structure  is  a controlling  factor  in  the 
assignment  of  the  performance  index  which,  in  turn,  is  directly  re- 
lated to  durability.  It  should  be  noted  that  a concrete  material  is 
considered  to  be  durable  if  its  quality  and  performance  remain  ac- 
ceptable for  the  design  life  of  the  structure.  The  durability  of 
concrete  in  a marine  environment  is  only  questionable  if  it  deterio- 
rates to  a significant  extent  within  the  design  life  of  a concrete 
structure.  Since  performance  and  durability  are  directly  related, 
the  performance  indices  are  assigned  according  to  the  same  code 
system  employed  in  the  durability  index  classification  for  unifor- 
mity and  direct  correspondence. 

The  tested  site  concrete  material  exhibited  extensive  deterioration 
due  to  severe  corrosion  of  the  reinforcing  steel.  The  high  permeability 
of  the  concrete  material  to  both  water  and  chloride  ions  significantly 
contributed  to  this  effect.  The  structural  concrete  is  exposed  to  a 
highly  corrosive  environment  with  excessive  chloride  concentration.  The 
chloride  intrusion  rate  was  such  that  corrosion  of  the  reinforcing  steel 
was  theoretically  initiated  before  the  end  of  the  third  year  of  service. 
The  electrode  potential  measurements  suggest  that  high  corrosion  activity 
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is  in  place.  The  information  obtained  from  the  inspection  and  evaluation 
of  the  deteriorated  concrete  suggests  that  the  epoxy  coating  has  not  ef- 
fectively provided  the  necessary  protection  to  the  reinforcing  steel 
against  corrosive  agents  such  as  chloride  ions.  At  the  present  chloride 
intrusion  rate  and  in  the  absence  of  any  other  corrosion  medication  sys- 
tem, it  is  estimated  that  within  the  next  2 years  more  than  50%  of  the 
reinforcing  steel  of  the  structural  elements  of  the  bridge  substructure 
will  be  severely  damaged  due  to  corrosion. 

Based  on  the  above  evaluation,  a performance  index  = II  (Very  Poor) 
is  thus  assigned  to  the  structural  concrete  material  tested.  The  concrete 
bridge  structure  considered  in  this  investigation  was  designed  for  a ser- 
vice life  of  75  years.  At  the  age  of  7 years,  it  has  already  exhibited 
severe  durability  and  performance  problems.  Under  the  existing  exposure 
conditions  and  in  view  of  the  concrete  deterioration  which  has  already 
been  in  place,  the  remaining  effective  service  life  (without  any  major 
maintenance  or  rehabilitation)  of  this  marine  structure  is  estimated  to  be 
3 years. 
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